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Abstract 
Interface property strengthening is one of the most important approaches used 
for enhancing the performance of carbon fibre reinforced composite materials, as 
it improves the adhesion and, therefore, the interfacial shear strength between 
the fibre and matrix. Both chemical and physical methods have been explored for 
increasing the adhesion between the fibre and matrix, including surface 
treatments, fibre whiskerization and roughening. However, these methods can 
also introduce mechanical defects onto the fibre and create bulky or impenetrable 
additional phases around the fibre. It has been recently reported that introducing 
carbon nanotubes (CNTs) as a secondary phase between the fibre and matrix can 
act to functionally grade the material properties and enhance load transfer across 
the interface. However, the study of CNT-reinforced carbon fibre composites is 
still in its infancy, and current research on CNT-modified fibres is constrained to 
laboratory-scale studies due to the limitations of technology. Consequently, a 
relatively simple and cost-effective manufacturing approach for advanced CNT-
modified carbon fibres and their composites utilising the electrospray technique 
to deposit CNTs from well dispersed suspensions was investigated in this thesis.  
The first part of this thesis developed a novel method for dispersing CNTs. In order 
to prepare well dispersed CNT suspensions suitable for electrospray and 
composite properties, for the first time, a detailed comparison between 
traditional approach and the novel method was made. The results enhanced the 
understanding of the interactions between surfactant, defective CNTs and less 
defective CNTs and thus provide insight into the mechanism of CNT dispersion. 
Visual observation and UV–visible spectroscopy results showed that the new 
method produced a more stable dispersion with higher CNT content. Transmission 
electron microscopy and Raman spectroscopic investigations revealed that the 
centrifugation/decanting step removed highly defective nanotubes, amorphous 
carbon and excess surfactant from the readily re-dispersible CNT precipitate with 
less defects. Infrared spectral analysis suggested that the methylene groups of the 
I 
 
polyoxyethylene (aliphatic ether) chains of the residual Triton X-100 molecules 
were bonding with the CNT surface. 
The second part of this thesis investigated the critical factors for coating CNTs onto 
carbon fibre surface. The time-resolved fine structure of the positive electrospray 
of CNT dispersions was observed by using a high-speed camera. It was shown that 
applied voltage was a critical factor in determining spray mode development and 
spray patterns. Electric field simulation results proved that a concentrated electric 
field region was formed around the fibre areas. The understanding of the 
distribution of the electrostatic field leaded intuitively to the possible flight route 
of CNTs as well as a pull force active at the point of deposition onto the carbon 
fibre surface. Parametric studies showed that both voltage and distance played an 
important role in determining the CNT morphology as it mediated the anchoring 
strength and electric field force. The forming mechanism of surface morphologies 
discussed through solvent evaporation and binder curing respects showed that 
binder with medium humidity can give proper freedom to CNTs and allow them to 
orientate radially from the surface of the fibre.   
In the final part of this study, the effect of CNT deposition on carbon fibre 
properties was discussed. Tensile test and Weibull analysis showed that the 
mechanical properties of fibres were not degraded after CNT deposition. The 
interfacial shear strength with varying surface morphologies measured by single 
fibre fragmentation test is shown to increase by up to 124%. For deeper 
understanding of the interfacial reinforcing mechanism of CNT deposition, contact 
angle test demonstrated that CNT deposition resulted in good wettability by the 
resin and correlated well with the interfacial shear strength (IFSS) results. 
Significant increase of roughness, friction and Brunauer–Emmet–Teller (BET)  
surface area were found as well after CNT deposition, especially for the sample 
prepared by 20 kV/ 10 cm at 100 oC. The surface energies of carbon fibres before 
and after CNT deposition revealed that the improved interaction between CNTs 
and matrix was mainly due to the increased dispersive surface energy from the 
CNTs and the increased acid-base surface energy from the polymer binder. Finally, 
the fractographic analysis strongly demonstrated that the length of fibre pull-out 
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and the size of cracks between fibre and matrix were decreased distinctly by CNT 
coatings, indicating the stress transfer and interfacial shear strength have been 
improved. In the end, the potential for further higher improvement was assessed 
based on the aspect of interaction between carbon fibre and CNTs.  
  
III 
 
Publication List Arising from this Thesis 
Quanxiang Li, Jeffrey S. Church, Abdullah Kafi, Minoo Naebe, Bronwyn L. Fox, An 
improved understanding of the dispersion of multi-walled carbon nanotubes in 
non-aqueous solvents, Journal of Nanoparticle Research, vol. 16, pp. 1-12, 2014. 
Quanxiang Li, Andrea L. Woodhead, Minoo Naebe, Bronwyn L. Fox, Jeffrey S. 
Church, An investigation into carbon fibre surface contamination and its effect on 
composite properties, ACS Applied Materials & Interface, under review. 
Quanxiang Li, Jeffrey S. Church, Abdullah Kafi, Minoo Naebe, Bronwyn L. Fox, 
Interfacial improvement of carbon fibre/epoxy composites by using electrospray 
carbon nanotube deposition, The Fiber Society Spring 2013 Technical Conference, 
Geelong , Australia, May 22–24, 2013. 
Quanxiang Li, Jeffrey S. Church, Abdullah Kafi, Minoo Naebe, Bronwyn L. Fox, 
Effects of electrospray deposited carbon nanotubes on the interface of carbon 
fibres embedded in an epoxy matrix, 2014 Australasian Composites Conference-
Materials for a lighter and smarter world, Newcastle, Australia, April 7–9, 2014. 
Quanxiang Li, Jeffrey S. Church, Abdullah Kafi, Minoo Naebe, Bronwyn L. Fox, 
Nano-enhanced carbon fibre composites: Carbon nanotube decoration and 
improved interfacial adhesion, Carbon fibre future directions conference 2015, 
Geelong, Australia, February 24-16, 2015 (1st prize poster).   
 
 
 
IV 
 
Contributions to other publications during this 
Study 
Mickey G. Huson, Jeffrey S. Church, Abdullah A. Kafi, Andrea L. Woodhead, Jiyi 
Khoo, M.S.R.N. Kiran, Jodie E. Bradby, Bronwyn L. Fox, Heterogeneity of carbon 
fibre, Carbon, vol. 68, no. 0, pp. 240-249. 
Jian Zhao, Jinfeng Wang, Zhenyu Li, Quanxiang Li, Xungai Wang, Capsular 
polypyrrole hollow nanofibers: an efficient recyclable adsorbent for hexavalent 
chromium removal, Journal of Materials Chemistry A, vol. 3, no. 29, pp. 15124-32. 
Hamid Khayyam, Minoo Naebe, Alireza Bab-Hadiashar, Farshid Jamshidi, 
Quanxiang Li, Stephen Atkiss, Derek Buckmaster, Bronwyn Fox, Stochastic 
optimization models for energy management in carbonization process of carbon 
fiber production, Applied Energy, Vol. 158, pp. 643–655. 
Shan Du; Jin, Zhang; Quanxiang Li; George, Greene; Haijin, Zhu; Jing Liang, Li; 
Xungai, Wang, Interactions between fibroin and sericin proteins from Bombyx 
mori and Antheraea pernyi silk fibres, Journal of the Royal Society Interface, under 
review. 
 
 
 
V 
 
TABLE OF CONTENTS 
Abstract ............................................................................................................................ I 
Publication List Arising from this Thesis ........................................................................ IV 
Contributions to other publications during this Study ................................................... V 
1 Introduction ......................................................................................................... 1 
1.1 Overview ................................................................................................................... 1 
1.2 Research Aim and Objectives ................................................................................... 2 
1.3 Thesis Outline ........................................................................................................... 5 
2 Literature Review ................................................................................................. 7 
2.1 Introduction .............................................................................................................. 7 
2.2 Reinforcement of Composite .................................................................................... 7 
2.2.1 Reinforcement Principle of Composites ............................................................ 7 
2.2.2 Fibre-Matrix Interfacial Effects in Composites .................................................. 8 
2.3 Improvement of Interfacial Bonding in Carbon Fibres Reinforced Composites ....... 9 
2.3.1 Surface Treatment ........................................................................................... 10 
2.3.2 Introduction of Inter-layers through Sizing ..................................................... 12 
2.4 Applications of Carbon Nanotubes to the Reinforcement of Carbon Fibre 
Composites ................................................................................................................... 15 
2.4.1 Reinforcement Properties of Carbon Nanotubes ............................................ 15 
2.4.2 Carbon Nanotube Dispersion Development .................................................... 17 
2.4.3 Carbon Nanotube Dispersion and Deposition Techniques .............................. 19 
2.4.4 Effect of Carbon Nanotube Deposition on Carbon Fibre Composites ............. 25 
2.5 Challenges of Current Research .............................................................................. 29 
3 Materials and Experimental Techniques .......................................................... 32 
3.1 Introduction ............................................................................................................ 32 
3.2 Materials ................................................................................................................. 32 
3.3 CNT dispersion development .................................................................................. 33 
3.4 Electrospray ............................................................................................................ 34 
3.5 Characterization and Testing .................................................................................. 35 
3.5.1 CNT Dispersion Characterization ..................................................................... 35 
3.5.1.1 CNT dispersion stability analysis (UV-visible absorption spectra) ............ 35 
3.5.1.2 Transmission electron microscopy (TEM) ................................................. 35 
i 
 
3.5.1.3 Raman analysis.......................................................................................... 36 
3.5.1.4 Thermogravimetric analysis (TGA) ............................................................ 36 
3.5.1.5 Surfactant investigation (ATR-FTIR) .......................................................... 36 
3.5.2 CNT coated CF characterization ....................................................................... 37 
3.5.2.1 High-speed camera setup ......................................................................... 37 
3.5.2.2 Scanning electron microscopy (SEM)........................................................ 37 
3.5.2.3 Electric field simulation during the CNT electrospray process ................. 38 
3.5.3 Testings of CNT-coated CFs .............................................................................. 38 
3.5.3.1 Single fibre tensile testing......................................................................... 38 
3.5.3.2 Single fibre fragmentation test (SFFT) ...................................................... 39 
3.5.3.3 Wettability (Contact angle measurements).............................................. 41 
3.5.3.4 Atomic force microscopy (AFM) ............................................................... 42 
3.5.3.5 Surface energy analysis ............................................................................. 42 
3.5.3.6 Fractographic analysis ............................................................................... 43 
4 CNT Dispersion Preparation for Electrospray-An Improved Understanding of 
CNT Dispersion in Non-aqueous Solvents ............................................................ 45 
4.1 Introduction ............................................................................................................ 45 
4.2 Experimental Method ............................................................................................. 46 
4.3 Result and Discussion ............................................................................................. 46 
4.3.1 Surfactant and solvent selection ..................................................................... 46 
4.3.2 Effect of dispersion method ............................................................................ 47 
4.3.3 Comparison of dispersion stability using UV-Vis spectroscopy ....................... 48 
4.3.4 Understanding of stability improvement mechanism by Raman Spectroscopy
 .................................................................................................................................. 52 
4.3.5 Understanding of stability improvement mechanism by TEM ........................ 54 
4.3.6 Surfactant concentration study by thermogravimetric analysis ..................... 56 
4.3.7 Investigation of surfactant role in dispersion by FTIR ..................................... 58 
4.4 Conclusions ............................................................................................................. 60 
5 Optimisation of Electrospray Carbon Nanotubes ............................................. 62 
5.1 Introduction ............................................................................................................ 62 
5.2 Experimental Method ............................................................................................. 63 
5.3 Result and Discussion ............................................................................................. 64 
5.3.1 Spray mode study of electrospray by high speed camera ............................... 64 
5.3.1.1 Dripping mode .......................................................................................... 65 
5.3.1.2 Micro-dripping mode ................................................................................ 65 
ii 
 
5.3.1.3 Pulsating-cone jet mode ........................................................................... 67 
5.3.1.4 Cone-jet mode .......................................................................................... 68 
5.3.2 CNT deposition shapes as a function of voltage .............................................. 70 
5.3.3 Understanding the CNT flight path .................................................................. 72 
5.3.4 Deposition patterns of CNTs on carbon fibre .................................................. 75 
5.3.4.1 Deposition time (2-20 min) ....................................................................... 75 
5.3.4.2 Voltage (5-20 kV) ...................................................................................... 76 
5.3.4.3 Distance (10-20 cm) .................................................................................. 78 
5.3.4.4 Optimum ratio between voltage and distance ......................................... 80 
5.3.4.5 Flow rate (0.5 mL/hr., 2 mL/hr., 5 mL/hr. and 10 mL/hr.) ........................ 81 
5.3.4.6 Deposition temperature ........................................................................... 83 
5.3.4.7 Solvent selectivity ..................................................................................... 86 
5.3.4.8 Other critical factors. ................................................................................ 89 
5.4 Conclusions ............................................................................................................. 91 
6 Carbon Nanotubes Coated Carbon Fibre: Interfacial Characterization and 
Reinforcing Mechanism Understanding .............................................................. 94 
6.1 Introduction ............................................................................................................ 94 
6.2 Experimental Method ............................................................................................. 95 
6.2.1 Single fibre tensile test .................................................................................... 95 
6.2.2 Single fibre fragmentation test ........................................................................ 96 
6.3 Result and Discussion ............................................................................................. 98 
6.3.1 Fibre tensile results .......................................................................................... 98 
6.3.2 Influence of deposited CNTs on interfacial bonding of single-fibre composite
 ................................................................................................................................ 100 
6.3.3 Interfacial reinforcing mechanism ................................................................. 104 
6.3.3.1 Wettability .............................................................................................. 105 
6.3.3.2 Roughness and friction ........................................................................... 107 
6.3.3.3 BET surface area and surface energy analysis ........................................ 109 
6.3.3.4 Fractographic analysis ............................................................................. 113 
6.4 Conclusions ........................................................................................................... 116 
7 Conclusions and Future Research ................................................................... 118 
7.1 Conclusions ........................................................................................................... 118 
7.2 Future research ..................................................................................................... 121 
APPENDIX A ......................................................................................................... 123 
Electrospray CNTs onto Carbon Fibres ....................................................................... 124 
iii 
 
Single Fibre Fragmentation Test ................................................................................. 130 
REFERENCES ........................................................................................................ 136 
iv 
 
CHAPTER ONE 
1 Introduction 
  
1.1 Overview  
Fibre reinforced composites have become the dominant advanced materials due 
to their remarkable properties including their light weight, extraordinary 
mechanical strength and modulus [1]. In the case of carbon fibre (CF) composites, 
even though they are brittle, the high strength and modulus of carbon fibres 
makes them useful as reinforcement for various matrices, such as polymer, 
ceramic and glass matrices [2, 3]. However, more advanced carbon fibre 
composites, especially with improved mechanical properties, are required to meet 
the increasing demands in fields such as aerospace, military, wind turbine blades, 
construction and  automotive [1, 4].  
To overcome this challenge, growth in the fibre self-properties towards high 
strength and high modulus directions is being developed [4, 5]. It is also 
demonstrated that the mechanical properties of fibre composites depend critically 
on the efficient transfer of stress between the matrix and fibres [1, 6]. However, 
the desired mechanical performance of composites is not always an easy task to 
achieve because the surface properties of the fibre itself are not compatible with 
the polymer matrix. Hence, more targeted research is required to optimise the 
surface properties of carbon fibres with an aim to improve the performance of 
resulted composites.  
Improvement of the fibre-matrix adhesion is possible either through optimising 
the parameters associated with the manufacturing process of fibres and fibre 
surface treatment. Various techniques have been utilised to modify the surface 
properties of carbon fibres to improve the fibre-matrix adhesion prior to 
composite manufacturing [7-13]. More interestingly, the concept of grafting or 
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coating CNTs onto fibre surfaces to improve fibre interfacial properties was 
launched recently. This method is proposed to be useful in improving fibre 
roughness, wettability by matrix, surface area and creating mechanical 
interlocking at the fibre/matrix interface, all of which may improve stress transfer 
and interfacial properties [14-16]. But the study of CNT-reinforced carbon fibre 
composites is still in its infancy, and current research on CNT-modified fibres is 
constrained to laboratory-scale studies due to the limitations of technology.  
 
1.2 Research Aim and Objectives 
The overall objective of this project is to investigate, develop and validate a new 
manufacturing approach for advanced CNT-modified carbon fibres and their 
composites utilising the electrospray technique to deposit CNTs from well 
dispersed suspensions. This investigation is to develop an understanding of the 
relationship between electrosprayed CNTs on the fibre surface and the 
performance of the resulting carbon fibres in composites, through looking into the 
role of electrosprayed CNTs in improving carbon fibre surface properties and the 
interfacial bond strength to surrounding matrix. Hence, it is expected to provide a 
new and novel route to maximize the mechanical properties of carbon fibre 
composites. 
The research questions addressed in this work are: 
1. How can electrosprayed CNTs improve the mechanical property of carbon 
fibre composites? 
According to the effect of CNTs on the properties of carbon fibres and their 
composites, the interconnections among carbon fibre, CNTs and matrix, 
determine interfacial properties [14]. It is these properties that will ultimately 
determine the improvement in the mechanical properties of the carbon fibre 
composite. 
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When CNTs are deposited onto the carbon fibre surface directly by physical 
deposition approaches including electrospray approach, there is likely insufficient 
contact at the atomic level for Van der Waals forces to have any effect at the 
fibre/CNT interface. The strength of the CNT attachment to the carbon fibre 
surface may not be sufficient for transferring stress from the matrix to the carbon 
fibres. The use of polymer binders is one way to improve the adhesion. In addition, 
introducing CNTs will not only improve the carbon fibre/matrix interface but also 
form a CNT/polymer matrix nanocomposite interphase which is expected to 
change the crack propagation and failure process. By systematic design of the 
experimental study, the relationship among CF/CNT interactions, CF/CNT/Epoxy 
interphases, load-transfer behaviour and inter-laminar properties will be 
established. Some advanced characterisation techniques and the modelling of the 
interface and mechanical properties (e.g. Weibull model, Kelly-Tyson model and 
interfacial shear strength (IFSS) equations) based on both single fibre and fibre 
bundles, will be utilised to develop an in-depth understanding of the 
reinforcement mechanisms of hierarchical structures in composites. As the final 
outcome, the potential to further enhance the properties of the resultant 
composites by introduction of a CNT inter-layer will be assessed. 
2. Which critical factors will affect the fabrication of CNT-modified carbon fibres 
to get the best composite properties? 
Based on the proposed manufacturing process of CNT-modified carbon fibres, 
critical factors can be broken down into two areas- CNT dispersion and 
morphology controlled by electrospray parameters.  
a. CNT dispersion 
Well dispersed CNTs in electrospray compatible solvents are required for the 
proposed work. The traditional methods of CNT dispersion have a common 
weakness in that they require the use of significant amounts of auxiliary material, 
such as surfactants. These materials would be sprayed along with the CNTs onto 
carbon fibre surface during the electrospray process and will affect the study of 
CNT-modified carbon fibres and composites. Hence a new method to prepare 
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suitable CNT suspensions with minimal auxiliary material is required. For many 
dispersing systems the mode of action on the CNTs is not well understood. During 
the development of the new method, new fundamental understandings about the 
dispersion mechanism will be obtained.  
b. Morphology controlled by electrospray parameters  
CNT morphology also influences the properties required for carbon fibres and 
their composites. Different manufacturing approaches may create hierarchical 
structures with diverse morphologies ranging from aligned to randomly placed 
CNTs. Although the scaling laws of electrospray are well established and 
experimentally-verified [17], depositing CNTs onto a carbon fibre surface using 
this technology is still in its trial stages. The CNT morphology on a carbon fibre 
surface as obtained by electrospray would see a majority of the CNTs lying in the 
carbon fibre surface plane with random orientations. But some CNTs may also be 
perpendicular to the fibre once polymer binder is introduced. Furthermore, 
without a binder these would likely fall off due to poor adhesion. For a given dispersion, 
the determination of a complete set of electrospray laws considering voltage, 
spray distance, geometry, receiving mode, liquid flow rate, process temperature 
and binder properties will be essential for exploring hybrid material with different 
surface morphology, such as dense CNT networks with a few CNTs radial to the 
carbon fibre axis, or loose CNTs with random orientations or porous structures. 
However, what type of CNT morphology can offer a more useful tensile stress 
direction, resulting in greater load transfer and higher yield strength is yet to be 
determined experimentally.  
By the systematic analysis of the results obtained from this study, correlations 
between these electrospray parameters and the surface structure formation 
mechanism may be found. This will enable a higher level of understanding of how 
these parameters influence CNT morphology and ultimately their effects on the 
final composite properties. 
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1.3 Thesis Outline 
This research work consists of seven chapters; the remaining 6 chapters are as 
follows: 
Chapter 2 provides a descriptive review of the literature related to current study, 
focusing on the reinforcement of fibre composites and the main aspects 
enhancing the composite interfacial bond. Recent developments in interfacial 
bonding strength between fibre and polymer matrix are presented, and the effects 
of carbon nanotubes on the properties of carbon fibre composites are discussed. 
Finally challenges facing this research obtained from the literature are discussed. 
Chapter 3 outlines the experimental materials and techniques used in this study 
to achieve the objectives. Details of the electrospray procedure are given with 
further information regarding the selection of process parameters. A range of 
characterisation techniques and testing methods are also described.   
Chapter 4 presents a detailed comparison between two different approaches for 
dispersing CNTs in electrospray compatible solvent systems. In order to obtain a 
better understanding of the interactions between surfactant, defective CNTs and 
less defective CNTs, the dispersions were assessed by UV-Visible, Raman and 
infrared spectroscopy, thermogravimetric analysis as well as transmission electron 
microscopy.  
Chapter 5 includes a spray mode study using a high speed camera, as well as a 
description of the deposition patterns obtained under the different sets of 
parameters and simulations of the electric field potentials. Finally an investigation 
into the effect of process parameters on CNT morphologies on carbon fibres and 
a comparisons of surface features produce by other potential factors, such as 
varying spray solutions and target patterns are presented. 
Chapter 6 assessed the effects of CNT deposition on carbon fibre properties. Firstly 
the fibre tensile strength and modulus were tested to determine if the mechanical 
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properties of the fibres themselves had been affected by introducing the CNTs and 
more importantly, by the electrospray process self. Additionally, the effect of 
various CNT surface morphologies on the interfacial shear strength of CNT-coated 
carbon fibres in composite was studied through the single fibre fragmentation test. 
Finally, the interfacial reinforcing mechanism was explored by analysing the 
wettability between the resulted fibres and the epoxy resin, the roughness and 
coefficient of friction, BET surface area, surface energy and fractographic 
observation of cross sections of the composites. 
Chapter 7 concludes the thesis, proposing the best manufacturing parameters and 
treatment conditions to assist in the development of CNT-reinforced carbon fibre 
composites. Finally, future research directions are suggested based on the findings 
in this thesis. 
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CHAPTER TWO 
2 Literature Review 
 
2.1 Introduction   
Carbon fibres with high strength and modulus has been incorporated in a range of 
matrix materials to create high performance composite. Surface engineering of 
fibre is necessary to prevent their mechanical properties to be damaged during 
handling and composite manufacture. More importantly, this is also a crucial 
aspect which ensures the formation of an optimum fibre–matrix interface. As a 
result much effort is expended to ensure that the interface and/or interphase 
provides optimum interfacial failure behaviour. This section first reviews the 
reinforcement principle of composites, and the main aspects enhancing 
composites strength are discussed. Theoretical analysis and models of composite 
interfacial bond are then introduced. Recent developments in interfacial bonding 
strength between fibre and polymer matrix are presented. Popular techniques 
used to prepare CNT modified carbon fibre were compared, and the effects of 
carbon nanotubes on the properties of carbon fibre composites are discussed. 
Finally challenges facing this research obtained from literature are discussed. 
 
2.2 Reinforcement of Composite 
2.2.1 Reinforcement Principle of Composites 
Composite structures combine materials which together result in a structure with 
properties not achievable with any of the components alone. As heterogeneous 
materials, the properties of fibre-based composites are determined by several 
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factors including the moduli and strength of the fibre and matrix, the aspect ratio, 
length distribution, volume fraction, uniformity and orientation of the fibres, the 
integrity of the fibre-matrix interface and the interfacial shear strength (IFSS). The 
potential mechanical properties of carbon fibre-reinforced composites rely mainly 
on the stiffness and strength of carbon fibres. However, the most effective 
reinforcement of carbon fibres can be obtained only if the sufficient stress 
transfers between fibres and matrix can take place by proper bonding between 
the two constituents. This means that physical and chemical compatibility is 
required between the fibre and the matrix except for the strength requirement of 
carbon fibres themselves [18].  
2.2.2 Fibre-Matrix Interfacial Effects in Composites 
Effective reinforcement of fibre composites requires good adhesion between the 
fibres and the matrix. The transfer of stress between fibres is mainly determined 
by the matrix materials. When a load is applied to the fibre composite, it should 
be transferred from one filament to another via the matrix. If the interfacial 
bonding is weak, it will result in less efficient mechanical properties, such as low 
inter-laminar shear strength (ILSS) [19]. On the other hand, excessive fibre-matrix 
bonding may give rise to cracks that propagate in the direction perpendicular to 
the fibre-matrix interface. Moreover, the large shear gradient at fibre ends can 
also lead to early failure of the composite by shear de-bonding at the interface[18]. 
Therefore, the reasonable interfacial bond between fibres and matrix is a critical 
factor in the achievement of high performance advanced composites.  
As reinforcements for manufacturing high performance composite materials, 
carbon fibres have poor wettability and adhesion with most polymers due to its 
nonpolar surface and highly crystallized graphitic basal planes with inert 
structures. As a result, the interfacial bonding strength between carbon fibres and 
polymer matrix is unacceptable, and good mechanical performance in composites 
is not seen without surface treatment and sizing [20]. 
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2.3 Improvement of Interfacial Bonding in 
Carbon Fibres Reinforced Composites 
The transverse breaking strength of the composite is determined by the strength 
of the bond between the fibre and the matrix and the mechanical properties of 
any interlayer material, as the first to reach its ultimate local stress/strain will 
initiate crack. The mechanisms of fibre-matrix bonding include chemical bonding, 
physical bonding due to van der Waals forces, and mechanical interlocking [1]. 
Because of the complex interactions between carbon fibres and matrices, a full 
understanding of the situation requires consideration of all the layers A-G 
indicated in Figure. 2.1.  
 
Figure 2.1. Regions of the carbon fibre interface with matrix [21]. 
 
Layers  A and B represent the carbon fibre and its surface layers, C is a partial layer 
of reactive sites on the surface of carbon fibre, D is the third-phase inter-layer, E 
is the sizing on the fibre surface, and F and G are the matrix, F being any layer next 
to the fibre which is structurally different from  G, the bulk matrix [21].  Layer C 
and D play the most important role in determining the interfacial bond of carbon 
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fibre reinforced composites. Fibres without surface treatment or a suitable inter-
layer possess few active surface functional groups. The resulting composites 
would have low mechanical properties due to the associated low wettability with 
resins, relatively smooth surface morphologies and the concomitant small surface-
to-volume ratios. Therefore current studies mainly focus on modifying the partial 
layer C of reactive sites and introducing the suitable interlayers D. E and F. 
 
2.3.1 Surface Treatment 
In considering the nature of the bond between carbon fibres and the matrix, Fitzer 
et al. studied the influence of carbon fibre surface treatments on the mechanical 
properties of carbon/carbon composites in 1980s [6]. Through investigating the 
potential active sites on a graphite crystal, they concluded the essential point that 
crystal basal surfaces of completely bonded carbon atoms was chemically inert, 
and that reactions occurred at incompletely bonded edges and defects in the 
structure of graphite lattice. Accordingly, the potential for chemical bonding 
would increase if the surface was less graphitic and aligned. Almost certainly, more 
steps and pits in the surface will be initially created by proper surface treatments 
until a saturation value for the particular fibre structure is obtained. Although 
varying in detail, these treatments are all oxidative and can be classified into the 
following categories: (1) liquid phase oxidation-wet oxidation (chemical) and 
electrochemical (electrolytic) oxidation, (2) dry gaseous oxidation-in air or oxygen 
and oxygen containing gases, and (3) plasma treatment [22], as shown in Figure. 
2.2 [23]. 
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 Figure 2.2. Carbon fibre surface treatment methods [23].  
 
Generally, carbon fibre surface can be etched and roughened, thereby enhancing 
the mechanical interlocking between the fibres and the matrix [11, 12]. Moreover, 
polar carbonyl and hydroxyl groups can be generated on the surface by oxidation 
treatment resulting in an increase in interfacial bonding strength when these 
groups are of sufficiently high concentration. However, in dry gaseous oxidation 
treatments, the surface layers burn away unevenly to create more active sites. As 
a result, weaknesses in the structure will be exploited inevitably, causing loss of 
fibre strength if the treatment is extended. The properties of carbon fibres are 
degraded, though the interfacial properties are improved [24, 25]. Wet oxidation 
is reported to be more effective than dry oxidation. Refluxing in a 10% NaClO3/25% 
H2SO4 mixture for 15 mins  results in a fibre weight loss of 0.2%, but a composite 
flexural strength gain of 5%, and a composite inter-laminar shear strength gain of 
91% [22]. Wet oxidation in boiling nitric or sulphuric acid is however inconvenient 
and lengthy, and thus hardly used in industry. Today, research and industry is 
increasingly turning to electrolytic oxidation as it is fast, uniform and suited to 
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mass production processes [26, 27]. Electrochemical treatments on carbon fibres 
can be carried out in acid and alkaline aqueous solutions. It resulted in the 
formation of a wide variety of functional groups on the surface of carbon fibres. 
For example, Liu et al. reported that carbon fibres in 0.5 M ammonium oxalate 
aqueous solution for 94 s with the electric current density being 0.6mA/cm2 
brought about improvements of interfacial bonding strength by ׽8.6% [13]. But it 
is also reported that this technique could cause loss of fibre strength [28, 29]. 
Relative to the above mentioned methods, plasma treatment is a novel technology 
for improving fibre-matrix adhesion by introducing polar or excited groups or even 
a new polymer layer [30]. For example, Allred and Schimpf [31] used radio-
frequency glow discharge plasma to modify carbon fibre surface, and showed a 
56% increase in transverse-flexural strength and a 59% increase in short beam 
shear strength compared with similar composites containing untreated fibres. 
Recently plasma polymerization on the surface of carbon fibres was performed to 
avoid the loss of the strength of carbon fibres caused by the ablation effect of 
plasma treatments. Feih and Schwartz [32] found that a 90% improvement of 
interfacial shear strength was obtained for carbon fibres exposed to an  acetylene 
and oxygen (2:1) gas plasma for 1 min without significant degradation in the 
tensile strength of the fibres. This has the potential to offer some advantages and 
will possibly increase research in this area.  
 
2.3.2 Introduction of Inter-layers through Sizing 
Besides treating carbon fibres directly, introducing inter-layers through sizing 
between the fibres and the matrix is another method to improve carbon fibre’s 
IFSS and the composite’s ILSS, and to achieve both high strength and high 
toughness. The conventional method for introducing interlayers is to size or coat 
the fibres with an appropriate polymeric material before they are incorporated 
into the matrix. It is widely accepted that an optimal sizing can both protect the 
fibre from fuzzing and fragmenting and improve the fibre-matrix adhesion by 
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adding certain wetting agents and other components [33]. By dipping or spraying 
different sizing agents onto carbon fibre surface under optimal conditions, 
preferable enhancement can be obtained [23]. The study of coating techniques 
and materials is a very active research area. Table 2.1 summarizes some of the 
coating techniques and new materials that have been applied to carbon fibre 
composites.  
Table 2.1. Effects of various coating technique and materials on properties of 
composites. 
Materials Coating Technique ILSS/IFSS gain (%) Ref. 
Epoxy modified polyurethanes Dipping 19.4% [34] 
Polyamide Dipping 30% [35] 
Silsesquioxane Dipping 28% [36] 
Nanoclay Dipping 73.9% [8] 
Silicon dioxide nanoparticles Dipping 44% [37] 
Acrylic acid Grafting 17.3% [38] 
POSS Grafting 72.2% [9] 
Polystyrene Grafting 300% [39] 
Fluoropolymer Plasma polymerization 70% [10] 
Epoxy modified polyurethanes Pasma-grafted-sizing 26.9% [40] 
Glycidyl acrylate/methyl acrylate Electropolymerization 30% [41] 
Poly(m-phenylenediamine) Electropolymerization 109% [42] 
Polyphenol Electropolymerization 120% [42] 
Acrylic acid Electropolymerization 135% [42] 
 
In the present work, dipping some polymers are being developed to modify carbon 
fibres and to improve the interfacial properties of carbon fibre-reinforced matrix 
composites [34, 35]. Moreover, some new materials, such as silsesquioxane (SSO) 
and Silicon dioxide nanoparticles were coated onto carbon fibre surface by dipping 
technique, which largely increased the mechanical interfacial properties of the 
composites, i.e., ILSS and IFSS, because of the transitional layer [36, 37]. Tang et al 
[8] increased the roughness of carbon fibre surfaces by nanoclay coating, which 
have better wettability on the carbon fibre surfaces, reflected by the decreased 
contact angle. The resulted composite based on nanoclay coating tended to have 
a higher ILSS value owing to the stronger mechanical interlocking on the interfaces 
of composites. However, dipping method is restricted by the coating 
concentration. Higher coating concentration could cause the strength of 
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composite gradually decrease because of potential lack of dispersion [8, 36]. The 
lack of chemical bonding of coating materials with the fibres and matrix would be 
an issue as well. Therefore some other coating techniques have been developed. 
Chemical grafting process has capability to create a covalently bonded interface 
or interlayer, which should result in cohesive interactions between the polymer-
grafted fibres and the same matrix material, hence leading to better adhesion 
strength in the obtained fibre composite. Some polymer monomer, such as Acrylic 
acid [38], can be grafted onto fibre surface in efficient and convenient methods. 
Graft polymerization of polymers can also be obtained through some chemical 
reactions, and those procedures resulted in more considerable increase in the 
ƉƌĂĐƚŝĐĂůĂĚŚĞƐŝŽŶ͕ŝ͘Ğ͕͘ƚŚĞŝŶƚĞƌĨĂĐŝĂůƐŚĞĂƌƐƚƌĞŶŐƚŚʏIFSS [9, 39, 40]. Nowadays, 
several other techniques are available to deposit polymeric coatings onto carbon 
fibre surfaces, such as plasma polymerization [10] and electropolymerization [41, 
42]. Compared with other treatment methods, these two approaches offer the 
advantage of the polymerization taking place on the surface of carbon fibre and 
can get the coating polymer film with a certain thickness, homogeneity, and 
functionality [42]. 
The ILSS or IFSS gains suggest that the introduction of interlayers between the 
fibre and the matrix is a potential approach for the development of high 
performance composites. With the development of novel materials, introducing 
nano-scale carbon reinforcements, particularly graphene and carbon nanotubes 
(CNTs), into traditional laminated composites have attracted broad interest for 
improving the matrix-dominated properties and or functionalities of composite 
materials[43-48]. The applications of CNTs to reinforce carbon fibre composites 
will be discussed in detail in the next chapter. 
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2.4 Applications of Carbon Nanotubes to the 
Reinforcement of Carbon Fibre Composites 
Conventional, continuous carbon fibre reinforced polymer composites have made 
a significant impact on the aerospace and industrial fields over the past half 
century. Their superior mechanical properties and low weight, combined with 
their chemical and environmental resistance, make them ideal for many structural 
applications [49]. Excellent in-plane tensile properties are achieved using various 
configurations of fibre architectures, including one-dimensional (1D) 
unidirectional tapes or two-dimensional (2D) woven fabrics. However, the 
relatively weak compression and inter-laminar properties of these fibre 
composites remain major issues. There is a growing interest in the development 
of hierarchical (or hybrid or nanostructured or multi-scale) composites are 
observed over the past few years, in which nano-scale CNT reinforcement is 
utilized alongside traditional micro-scale reinforcing fibres [14].  
 
2.4.1 Reinforcement Properties of Carbon Nanotubes  
Due to their extraordinary physical and chemical properties, CNTs have generated 
huge activity in most areas of science and engineering since their discovery in 1991 
[50]. There is no previous material which can combine superlative mechanical, 
thermal and electronic properties all together, which makes CNTs ideal candidates 
as advanced filler materials in composites [51-53]. Although all kinds of reinforcing 
agent have been used in composites as filler, the ultimate mechanical filler 
material must be CNTs because of their exceptional mechanical properties and 
large aspect ratio. 
The carbon-carbon chemical bond in a graphene layer is probably the strongest 
chemical bond in an extended system known in nature. As a seamlessly rolled-up 
graphene sheet, the structure of CNTs have been speculated to have exceptional 
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mechanical properties, and to quantify these properties has become a topic of 
great interest in the field of nano-technology [54]. Plentiful experimental studies 
have been carried out to determine the mechanical properties of CNTs, but they 
show highly different results due to the differences in experimental methods used 
[51, 54, 55]. However, from a literature survey covering the last decade, the 
Young’s moduli of CNTs are known to be superior to all carbon fibres with values 
greater than 1 TPa. The highest measured strength for a carbon nanotube was 
63GPa. Even the weakest type of carbon nanotubes has strengths of several GPa 
[51]. These values are an order of magnitude stronger than those of carbon fibres 
and any other known material.  
Although it is expected that CNTs will find application in the reinforcement of 
materials, the relatively high values of modulus and strength are not the only 
important aspect for improving the properties of carbon fibres and composites. At 
least equally important is their effective behaviour in the mechanical 
reinforcement system. How to implement these properties in composites on a 
macro-scale with the appropriate processing methods is a key question to realize 
effective CNT reinforcement, since this will ultimately determine the mechanical 
property and other properties of CNT-modified carbon fibres and composites. 
There are four main system requirements for effective CNT reinforcement of 
carbon fibres and composites. These are large aspect ratio, good dispersion, 
alignment and interfacial stress transfer [51]. The aspect ratio of CNTs must be 
large to maximize the load transfer to the nanotubes, which is crucial in order to 
optimize composite strength and stiffness. Alignment might be a less crucial issue 
for reinforcement of composites in some ways. From the point of geometric 
considerations, the difference between random orientation and perfect alignment 
is a factor in composited modulus. While alignment is necessary to maximize 
strength and stiffness, it is not always beneficial. Composites reinforced by aligned 
CNTs have very anisotropic mechanical properties, which may need to be avoided 
in bulk samples. In fibres, however, alignment of CNTs has no downside and is a 
good way to maximize reinforcement. The most important requirement for CNT 
reinforced composites is interfacial stress transfer. Except for relying on the 
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inherent properties of CNTs, the effectiveness of stress transfer could be improved 
by the good dispersion of the nanotubes in the matrix or the deposition interphase 
between the carbon fibres and the matrix. Conversely, the poor dispersion or 
deposition will lead to weak interfacial adhesion between the phases inducing 
local stress concentrations. The failure between nanotube and matrix will happen 
by the separation of bundles rather than by the breaking of the nanotube itself, 
resulting in remarkable reduced composite strength [56]. 
 
2.4.2 Carbon Nanotube Dispersion Development 
Due to their hydrophobic characteristics and the strong Van der Waals tube-tube 
attraction, CNT dispersion in most common solvents and polymer matrices is 
extremely poor. This makes it difficult to explore and understand the chemistry of 
such materials at the molecular level and limits the development of device 
applications in many fields [57, 58].  
Recently, several reviews [59, 60] have been published on particular aspects of 
contemporary methods for CNT dispersion and stability. CNTs are commonly 
dispersed in aqueous solutions and organic liquids for potential applications in 
sensors, nano-composites, molecular devices and advanced materials [61-63].  In 
order to obtain optimal results, improved procedures which lead to the uniform 
dispersion of CNTs are crucial. Ultrasonication is the most common method for 
dispersing nanoparticles in solution [64-67]. However, good dispersion of 
nanotubes in aqueous and other solvent is not always achieved [60]. To improve 
the dispersion of CNTs in different solvents, mechanical approaches have been 
extended by the use of non-covalent treatments leading to supramolecular 
interactions. This approach is predominantly attractive due to the possibility of 
ĂĚƐŽƌďŝŶŐǀĂƌŝŽƵƐŐƌŽƵƉƐŽŶƚŽƚŚĞEdƐƵƌĨĂĐĞǁŝƚŚŽƵƚĚŝƐƚƵƌďŝŶŐƚŚĞʋ-electron 
cloud of the graphene-like structure [68]. The so called surfactant assisted 
dispersion of CNTs is a prime example. 
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It has been proposed [69] that the role of ultrasonic treatment is to provide high 
local shear, particularly to the ends of nanotube bundles. Spaces or gaps formed 
at the bundle ends are propagated by two mechanisms, namely adsorption of 
surfactant molecules at the interface and their self-accumulation into 
supramolecular structures such as micelles, ultimately separating the individual 
nanotubes from the bundle. In connection with this approach, a wide range of 
materials, in particular, ionic liquids [70, 71], biopolymers [72] and surfactants 
such as sodium dodecyl sulphate (SDS)  [73, 74], hexadecyltrimethylammonium 
bromide (CTAB) [75] and Triton X-100 (polyethylene glycol p-(1,1,3,3-
tetramethylbutyl)-phenyl ether) [76, 77] have been investigated due to their good 
nanotube stabilization and separation capabilities.  
More recently, sonication followed by centrifugation has been used as a method 
to disperse CNTs [73, 78-82]. When a subsequent centrifugation step was used, 
the supernatant was found to contain homogeneously nano-dispersed CNTs while 
the bundled CNTs were left in the precipitate [83-86]. It is reported that the CNTs 
dispersed in the supernatant possessed higher stability than that produced by 
sonication alone due to the removal of the highly bundled nanotubes as well as 
other impurities such as metal catalysts [59]. However, most works ignored the 
fact that the supernatant also contains most of the amorphous carbon, which has 
very high solvent stability [87]. Moreover, the supernatant would also contain 
defective nanotubes as well as a high concentration of surfactant which can be 
detrimental to many applications, for example a degradation effect on the 
interphase bonding of composite has been found by some research [88, 89]. On 
the contrast, the precipitate produced by centrifugation treatment should has less 
surfactant and highly defective nanotubes. However, few studies have compared 
the feature of nanotubes come from supernatant and precipitate [90]. It is 
reported that defects at the sidewall of tubes act as active sites for binding with 
reagents, hence to improve the dispersibility of nanotubes [91]. While the CNTs 
with less defects will be deposited more easily by centrifugation process due to 
the lack of enough surfactant molecules. The above discussions were further 
approved by this thesis. 
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A somewhat better understanding of the dispersing mechanism has been 
developed through visualizing microscopic structures [92], measuring molecular 
interactions [93], quantifying the degree of dispersion [94, 95], and generalizing 
thermodynamic, kinetic and network theories [96, 97]. However, progress in 
stabilizing suspensions with high concentrations of individual CNTs has been 
limited. On the other hand, few attempts have been made to understand the 
effect of mixing procedures on CNT dispersion in view of the optimization of the 
surfactant concentration and mass of suspended CNTs, but it is very important for 
CNT application, especially in composite area. 
 
2.4.3 Carbon Nanotube Dispersion and Deposition 
Techniques 
The combination of CNTs with traditional fibre-reinforced composites has been 
achieved principally through two different approaches: dispersing CNTs as fillers 
entirely throughout the bulk of polymer composite matrix or attaching CNTs 
directly onto the primary reinforcing fibres, each will be considered in turn (Figure. 
2.3). 
 
Figure. 2.3. Schematic diagrams of traditional fibre-reinforced polymer composites and 
CNT-based hierarchical polymer composites [14].  
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The impregnation of micro-scale reinforcing fibres with CNT modified matrix is the 
first way to fabricate hierarchical composites. A variety of techniques have been 
studied for dispersing carbon nanotubes into liquids and matrix for different aims 
[50, 59]. A number of processing methods are available for producing 
polymer/CNT composites based on either thermoplastics or thermosets, such as 
polyetheretherketone(PEEK) [98], polyetherimide (PEI) [99], polyethersulfone 
(PES) [100], polyphenylsulfide (PPS) [101], polyester resin [102], phenolic resin 
[103] and epoxy resin [104]. These include solution processing, melt processing, 
in-situ polymerization and chemical functionalization. 
 Solution Processing which is the most common method for preparing 
polymer/CNT composites involves  the mixing of the carbon nanotubes and 
polymer in a suitable solvent before evaporating the solvent [105]. One of the 
benefits of this method is that the agitation of nanotubes in a solvent facilitates 
nanotube de-aggregation and dispersion. Solution-processing methods can be 
summarized as: 1) dispersing nanotubes into either a solvent or polymer solution 
by energetic agitation, such as magnetic stirring, shear mixing, reflux, or most 
commonly, ultrasonication; 2) mixing of nanotubes and polymer in solution by 
energetic agitation; and 3) controlled evaporation of solvent, leaving a composite 
film. In general, agitation is provided by magnetic stirring, shear mixing, reflux, or 
most commonly, ultrasonication [105-107].   
Melt Processing involves the melt-mixing of CNTs into thermoplastic polymers 
using conventional processing techniques such as shear mixing [108, 109], 
extrusion [110], internal mixing [106], injection molding [108] and blow molding 
[111]. This type of processing is predominantly desirable due to the speed, 
simplicity and availability of these processes in the plastics industry. These 
approaches are also valuable because they are free of the solvents and 
contaminants which are present in solution processing methods. But there is a 
common problem with solution and melt processing insoluble and thermally 
unstable polymers composites cannot be prepared by them. Therefore more 
effective approaches are needed.  
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In-situ polymerization has been studied to prepare polymer-grafted nanotubes 
and the processing of the corresponding polymer-composite. It involves the 
mixing of the carbon nanotubes, free radical initiator and polymer monomer 
before polymerization reaction happens. Then the polymer molecules will grow 
and CNTs would be better mixed with them. The main advantage of this method 
is that it enables grafting of polymeric macromolecules onto the convex walls of 
the CNTs. This way can provide better nanotube dispersion and aid in the 
formation of a strong interface between the nanotube and the polymer matrix. 
Moreover, it is a very accessible processing technique that allows the preparation 
of composites to have high nanotube loading and provides very good miscibility 
with almost any polymer type. More importantly, the technique is quite useful for 
preparing those insoluble and thermally unstable polymers composites which 
cannot be processed by solution or melt processing [106, 112].   
Chemical functionalization, is where the surfaces of CNTs are chemically 
functionalized can achieve good dispersion in polymer/CNT composites and strong 
interfacial adhesion between surrounding polymer chains. Currently, the most 
popular advances in the preparation of functionalised and polymer grafted of 
nanotubes are “grafting from” and “grafting to” methods.  “grafting from” method 
is mainly based upon the initial immobilization of initiators onto the nanotube 
surface,  after that appropriate monomers with the formation of the polymer 
molecules will bound to the nanotube by the in situ polymerization way. “grafting 
to” approach is attaching the already preformed end-functionalised polymer 
molecules to functional groups on the nanotube surface via different chemical 
reactions [51]. These methods are expected to play a dominant role in future 
developments and applications of these nanocomposites [58].  
Each of the methods presented above has their own advantages, limitations and 
had different degrees of success in their use with CNTs to reinforce composites. 
The fabrication of hierarchical composites based upon the CNT addition in bulk 
followed by the impregnation of micro-scale reinforcing fibres with matrix is 
limited by viscosity and self-filtration issues. Furthermore, during fibre 
impregnation, the resin flow tends to align CNTs parallel to the primary fibre, 
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which is the most undesirable orientation for enhancing through-thickness 
composite properties. On the contrary, growing or coating CNTs onto the carbon 
fibre surface could provide higher loadings of CNTs, potentially with a radial 
orientation (Figure 2.3). Both polymer melts and epoxy resins can infiltrate the 
CNT layer on fibre surface, driven through capillary forces, which is expected to be 
optimal for transverse reinforcement of interfacial and interlaminar properties for 
composite [47].  
A new concept called carbon fibre reinforced multi-scale hybrid composites has 
been launched to understand the reinforcement mechanism of CNTs for fibre 
composite [113]. Figure 2.4 is a schematic diagram of models of composites under 
two different conditions of reinforcement. The different components are 
represented by numbers: 1 is the polymer matrix, 2 is the carbon fibre, 3 is the 
CNT/polymer matrix nanocomposite interphase and 4 is the carbon 
fibre/CNT/polymer matrix hybrid composite. There are two interfaces in this 
model: one between the fibre/matrix/CNTs and the other between 
nanocomposite and matrix. In the traditional carbon fibre based composites there 
are simple two components as shown in Figure 2.4(a), however, when CNT-coated 
carbon fibres are used as the reinforcement, a three component composite is 
formed as shown in Figure 2.4(b). The carbon fibres act as a primary reinforcement 
while the CNTs coated on fibre act as a secondary reinforcement. Thus a multi-
scale hybrid composite system is formed due to the different size scales of the 
carbon fibres and CNTs. Moreover, CNTs can form nanocomposite interlayers 
between the fibre and the matrix, thus they can not only modify the fibre/matrix 
interface but also they can form a CNT/polymer matrix nanocomposite interphase 
that can remarkably alter the properties of composites. The reason for improving 
the performance of composites is that CNTs are much stronger than fibres for 
forming strong interphase, hence incorporating them onto carbon fibres could be 
expected to change the interfacial tress transfer, crack propagation, failure 
process and hence the mechanical behaviour of these composites. 
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 Figure 2.4. Schematic diagram showing a composite specimen under two different 
conditions of reinforcement: (a) CF/polymer matrix composite and (b) CF/CNT/polymer 
matrix multi-scale hybrid composite. Different constituents and zones are further 
depicted by numbers; 1: polymer matrix, 2: CF, 3: CNT/polymer nanocomposite and 4: 
multi-scale hybrid composite [113]. 
 
Many techniques for coating CNTs onto carbon fibres have been tried, some of 
which have been applied in the interphase reinforcement of carbon fibre 
composites. Table 2.2 presents a comparison of the currently popular CNT coating 
techniques. Beyond all doubt, CVD is the most popular and effective technique to 
produce CNTs and to grow CNTs on substrate. It is the only technique known to 
grow CNTs perpendicular to the carbon fibre surface [114]. But during the CVD 
manufacturing process, the application of catalyst and exposure to growth 
conditions of CNTs on the fibre surface resulted in significant degradation of the 
fibre even though recent work using fibre oxidation and low temperature growth 
of CNT may be able to minimize this strength loss [115, 116]. Therefore, with the 
aim of minimizing the damage to carbon fibres, some new CNT deposition 
methods have been explored. This includes electrophoretic deposition, chemical 
grafting, dip coating and electrospray. A more detailed look at the effect of 
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different coating methods on the properties of carbon fibres and composites is 
presented below.  
Table 2.2. A comparison of the current popular CNT coating techniques. 
Coating 
techniques 
Advantages Disadvantages Ref. 
Chemical vapor 
deposition 
(CVD) 
Uniform CNT distribution;  
High bonding degree between CF 
and CNTs; 
The only technique known 
forcing CNTs perpendicular to CF. 
Catalyst dependence;  
Complex process parameters; 
Inhomogeneity of CNTs; 
Damaging the properties of CF. 
[115, 
117, 
118] 
Electrophoretic 
deposition 
Uniform CNT deposition;  
High deposition speed; 
Less damage to CF. 
Requirement for CNT dispersion; 
Low bonding degree between 
carbon fibre and CNTs; 
Liquid impregnation needed. 
[48, 
119] 
Chemical 
grafting 
High bonding degree between CF 
and CNTs; 
Chemically functionalized 
CF/CNTs. 
Low manufacture efficiency and 
slow speed; 
Uneven deposition; 
Damaging the properties of CF. 
[120, 
121] 
Dipping coating Simple manufacture process; 
Less damage to CF. 
Low manufacture efficiency and 
slow speed; 
Uneven deposition; 
Low bonding degree between CF 
and CNTs; 
[89, 
122] 
Electrostatic 
spray 
Uniform CNT deposition;  
High deposition speed; 
Less damage to CF (possible); 
Control over the CNT orientation 
(possible). 
Requirement for CNT dispersion; 
Bonding degree between 
substrate and CNTs depends on 
spraying materials; 
Risk associated with health and 
safety. 
[123] 
 
Except for the electrospray method, the rest have been applied to graft or coat 
CNTs onto the surfaces of carbon fibres with some degrees of success. 
Nevertheless, there are still some short fallings, such as low attachment strength 
at CNTs/fibre interface and lack of control over the CNT orientation. 
Electrophoretic technique can provide a uniform CNT deposition with higher 
speed, chemical grafting can enable carbon fibre surface to attach more functional 
CNTs, while dip coating is the simplest method known to coat CNTs onto the fibres. 
Electrospray or electrohydrodynamic atomization has been believed as a 
competing technology in the race towards developing a nanofabrication 
technology for forming controlled self-assemblies and nanostructures from 
carbon nanotubes. Although it has not been used for composite, uniformly coating 
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CNTs using this technique onto other substrate has been achieved [123-127]. It 
has shown that electrospray can eliminate CNT agglomeration remarkably, and 
CNT deposition efficiency is much higher compared with conventional CNT spray 
methods [128]. More importantly, this route of fabricating CNT nanostructures 
can control the final deposition size and morphology as a function of generated 
droplet deposits [123].  
 
2.4.4 Effect of Carbon Nanotube Deposition on Carbon Fibre 
Composites 
The excellent mechanical properties and other properties of carbon nanotubes 
offer scope for the development of nanotube reinforced composite materials. The 
deposition of CNTs onto the surface of carbon fibres started in 2002. Thostenson 
et al. [117] grew CNTs directly onto carbon fibre surface using CVD, Figure 2.5(a).  
 
Figure 2.5. SEM micrographs of fibres after the CNT growth reaction or deposition by (a) 
CVD, (b) Electrophoretic deposition, (c) Chemical grafting and (d) Dip coating [89, 117, 119, 
120]. 
(c) 
b a 
(d)
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The direct growth method facilitates perpendicularly-aligned CNTs to be grown at 
high coverage, resulting in high-effective volume fractions of the CNTs in the 
matrix. After synthesis, the fibre/matrix interfacial properties were assessed using 
the single-fibre fragmentation test. The result showed that the presence of carbon 
nanotubes at the fibre/matrix interface improved the interfacial shear strength of 
the composites by 15%. Through the same testing method, Qian et al. [129, 130] 
demonstrated significant (26%) improvement of the apparent interfacial shear 
strength over the baseline carbon fibre composites and 150% improvement for 
silica fibre composites. Interestingly, Sager et al. observed 71% and 11% increases 
in the interfacial shear strength of single fibre epoxy composites containing carbon 
fibres with grown CNT having random and radially-aligned orientations, 
respectively [131]. Due to those exciting results, there have been more and more 
research focusing on CNT-modified carbon fibre prepared by CVD. For example, 
the measurement of grafting strength between individual CNT and carbon fibre 
has been investigated through various techniques as it is important to understand 
the failure mechanism among carbon fibre, CNTs and matrix. C. Wang et al. found 
that the CNT/ CF grafting force is more than 5 mu N, and CNT/CF attachment is 
strong enough to sustain the fracture of the CNTs [118].  
But a significant drawback in CVD method is that the CVD manufacturing process 
resulted in significant degradation of the fibre. Other researchers also found that 
the mechanical properties of carbon fibres are significantly compromised by the 
catalyst particles destroying the outer layers of the carbon fibres during the CNT 
growth process, possibly leading to a 55% loss in fibre tensile strength [115]. The 
optimization of CVD parameters is being investigated to reduce its influence on 
carbon fibre strength. F. An et al. [132] adopted a novel aerosol-assisted CVD 
technique to prepare multi-scale CNT-hybridized carbon fibre. This process was 
found to mitigate the mechanical properties of the carbon fibres with tensile 
degradation being as low as 10% after CNT growth. Pozegic et al. [116] reported a 
method for the growth of carbon nanotubes on carbon fibre using a low 
temperature growth technique which revealed a tensile performance decrease of 
only 9.7%. Encouragingly, the results from Naito’s team showed that the grafting 
26 
 
of CNTs improved the mechanical properties of PAN-and pitch-based carbon fibres 
through their CVD approach. The growth of  dense CNTs networks on the carbon 
fibres surface could lead to a reduction of the strength-limiting defects, which, in 
turn, improves the tensile strength and Weibull modulus [133]. However, it should 
be noted that this improvement is based on a very dense CNT network, but the 
effect of the thickness of CNT networks was not discussed; in general, the 
orientation of CNTs made by CVD method on carbon fibres is radial direction which 
is good for enhancing composites, but cannot bridge the surface defects of carbon 
fibres and restrict the spread of cracks unless the thickness or density of CNTs is 
very high. Another issues with CVD process is that the high temperatures typically 
employed, between 600 and 1000oC, also make it energy intensive. Most 
importantly, due to its complex manufacturing process, CVD is hard to be scaled 
up to produce continuous CNT-grafted fibres or wovens that will allow preparation 
of hierarchical composite tapes/pre-pregs and subsequent preparation of 
composites. On this basis, some research has been dedicated in recent years to 
alternative methods to prepare these hierarchically-scaled composite materials. 
Electrophoretic deposition is another method used to coat CNTs onto the surface 
of carbon fibres, Figure 2.5(b) [119]. The orientation of CNTs is not the same with 
that of CVD, but tends to lie in the plane of the primary fibre surface. It was found 
that the introduction of 0.25% by weight of MWNTs into the CF/epoxy composites 
resulted in an enhancement of the inter-laminar shear strength by 27%. Guo et al. 
[134] found that the IFSS of fibres further increased by 68.8% after CNT deposition 
by a ultrasonically assisted electrophoretic method. They also proved that the 
tensile strength and Weibull modulus of carbon fibres increased by 16.0% and 
40.7%, respectively. Nevertheless, the effect of the strength of CNT attachment 
on carbon fibre surface was not discussed. Actually the orientation of CNTs and 
the strength of CNT attachment on carbon fibre surface determine the 
performance of CNTs in enhancing carbon fibre properties. However, the 
deposition of CNT onto fibre surface without any chemical bond might limit the 
application of this technique. 
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Recently, some research groups [120, 121, 135] have also developed chemical 
methods to covalently graft functionalized CNTs onto the surface of functionalized 
carbon fibres, Figure 2.5(c). Unfortunately, controlling the grafting density and 
uniformity of CNTs onto CF is still challenging, which restricts the improvement of 
interfacial properties. Several effective grafting approaches of inter-layer 
mentioned in 1.3.2 section are being used to chemically and uniformly graft high-
density CNTs onto carbon fibres [16]. When CNTs are chemically grafted onto 
carbon fibre, the IFSS of the composite has 36% increase compared to polymer-
grafted carbon fibre composite, and 111% increase compared to acid-treated fibre 
composite. XD. He et al. [136] measured the grafting strength of CNTs on carbon 
fibre surface is 5–90 MPa which is still much lower than the intrinsic CNT strength, 
indicating that there is a great potential to further improve the interfacial 
properties of CNT-CF hybrid structures through appropriate interface engineering.  
The fourth approach is depositing CNTs, including dipping fibres into CNT 
suspension [51,52], coating of fibres with CNT-containing sizing [14, 137-139] and 
spraying CNT-containing solution on fibre fabrics [140, 141]. They are the most 
sample methods, and introduces no damage to the fibres (even healing surface 
defects and improve fibre tensile properties [142, 143]). Dip coating is the easiest 
approach to adopt at large-scale for depositing CNT, which has been also applied 
to improve the IFSS of carbon fibres. However, the deposition of CNTs by dip 
coating was found to create heterogeneous interphases which can cause a 
decrease of the single fibre tensile strength and inhomogeneous interphase stress 
distribution [144]. From the newest report, Li et al. [89] made a great progress in 
CNT dip coating on carbon fibre. By using CNTs with more functional groups and 
sized carbon fibres, the functionalized CNTs with random orientation adhered to 
the carbon fibre surface with uniformly distribution, leading to an increase in 
surface roughness compared to the original fibre (Figure 2.5(d)). The interfacial 
shear strength was increased by 43% for the T700SC carbon fibre composite and 
12% for the T300B carbon fibre composite.  
In general, when compared with the direct growth method using CVD, techniques 
based on some other approaches provided little control over the CNT orientation. 
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The CNTs tend to lie in the plane of carbon fibre surface, which might limit the 
potential application in hierarchical composites as radial orientation is proposed 
to be more effective to transfer stress. The strength of the CNT attachment, low 
manufacture efficiency and uneven deposition may also be some critical issues for 
those emerging methods [14]. But when comparing the IFSS obtained by current 
methods, all improved approaches can increase the IFSS of carbon fibre 
remarkably, even better than CVD. Above all, the multiscale reinforcement effect 
of carbon nanotubes on the mechanical properties of carbon fibre composites has 
been proved by various methods. The exploration of current and new methods to 
further improve carbon fibre composite properties by using CNT is necessary. 
 
2.5 Challenges of Current Research 
Conventional, continuous carbon fibre reinforced polymer composites have made 
remarkable achievements in various fields over the past half century. Their 
superior mechanical properties and low weight, combined with their chemical and 
environmental resistance, make them ideal for many applications. However, the 
enhancement of the properties of carbon fibres and composites, particularly 
mechanical strength, has remained the most vital issue. Importantly, this is a 
problem that will become more urgent as time progresses [14].    
1) The reinforcement of interfacial bond strength 
Due to the significance of sufficient stress transfer between carbon fibres and 
between carbon fibres and the matrix, more emphasis is put on to the study of the 
reinforcement of interfacial bonding strength in composites. As discussed above, 
a variety of methods and techniques have been explored, some of which are very 
feasible and have obtained exciting results. Due to high temperatures, various 
oxidation treatments or chemical conditions, most of these approaches obtain 
higher IFSS and/or ILSS by sacrificing the initial properties of the carbon fibres, 
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such as the weight loss of carbon and the damage to the surface layers of carbon 
fibres. 
2) CNT reinforcing carbon fibre composites 
The important role and application prospect of CNTs in nano-scale improvements 
are beyond all doubt. Growing or coating CNTs on the carbon fibre surface has 
been demonstrated to improve the properties of composites remarkably. 
However, the inefficiency in manufacturing really narrows down its field of 
application and slows down its progress. For instance, the most mature technique 
for growing CNTs, CVD, has some fatal weaknesses including degrading the carbon 
fibres. As to other new methods, electrophoretic deposition of CNTs relies solely 
on electrostatic adsorption to combine CNTs and carbon fibres. It is not enough 
for preventing CNTs from dropping off during the composite production process. 
Chemical grafting has similar drawbacks as CVD, such as damage to the carbon 
fibre surface and low efficiency. Although dip coating has the most promising to 
scale up, the created inhomogeneous interphases and low deposition efficiency 
have restricted its performance in carbon fibre composites. More importantly, 
almost all methods require closed or liquid environments. Therefore, some more 
effective methods with easy operation for feasible continuous production should 
be invented.    
3) Electrospray for production of carbon fibre reinforced multi-scale hybrid 
composites 
The electrospray technique has been applied in modern material technologies, 
microelectronics, micromachining, and nanotechnology [145]. Recently, 
electrospray devices have been invented for use in agricultural, sanitization and 
industrial markets [146], which gives the electrospray technique the expectation 
for scale-up in its application in other fields. Coating surfaces with CNTs using the 
electrospray techniques has just began a few years ago. To the best of our 
knowledge, electrospraying CNTs have not been used to modify the properties of 
carbon fibres and prepare hierarchical composites. However, it has been proved 
that self-dispersing charged droplets in the space can result in absence of CNT 
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agglomeration and coagulation; the motion of CNTs can be easily controlled 
(including deflection or focusing) by electric fields, and the deposition efficiency 
and coverage are much higher than those conventional coating methods[147]. 
Therefore, uniform and well dispersed CNT networks using this technique have 
been obtained on other substrates, such as metal and glass [123, 128]. When 
comes to deposition of CNTs onto carbon fibres using this technique, more 
research is necessary to explore its potential application for manufacturing CNT 
multiscale composites.  
In summarizing the current research problems, the enhancement of carbon fibre 
and composite properties still requires a lot of research to be done, and the 
emergence of CNTs raises a new approach for improving the mechanical 
properties of carbon fibre composites. The study of hierarchical composites, which 
shows great promise for large-scale incorporation of CNTs as reinforcements in 
conventional fibres and composite materials, is still in its infancy. The electrospray 
technique, as an effective method to deposit nano-materials, has a potential to be 
used in the preparation of CNT-based hierarchical carbon fibre composites. 
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CHAPTER THREE 
3 Materials and Experimental 
Techniques 
 
3.1 Introduction  
This chapter presents the materials, manufacturing and testing procedures used 
in this thesis. Firstly the material choices are specified along with the preparation 
of CNT dispersions for electrospray. Details of the electrospray procedure are 
given with further information regarding the selection of process parameters. 
Finally, a range of characterisation techniques and testing methods are included. 
Details of the test schedules and subsequent analysis regarding the experimental 
methods are specified in the relevant chapter.   
 
3.2 Materials 
In order to prepare suitable CNT dispersions for electrospray, short MWCNTs 
prepared by the chemical vapour deposition method were purchased from Arry 
International Group Limited (Frechen-Königsdorf, Germany) and used “as-
received”. The nanotube properties were as follows: purity >95 wt%, length 0.5-2 
ʅŵ͕ĚŝĂŵĞƚĞƌϮϬ-30 nm, amorphous carbon < 1.5% and specific surface area > 250 
m2/g. The ratio between D (disordered induced) and G (graphitic) bands of CNTs 
provided by the supplier is about 0.65. 
Oxidized but not sized intermediate modulus (242 GPa) PAN based 50K 
automotive grade fibres (Panex 35) were supplied by Zoltek Hungary. The spool of 
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fibre was stored in the laboratory protected by a polyolefin shrink-wrap typical of 
that used in commercial carbon fibre manufacture. It is standard practice that 100% 
nitrile powder free gloves are worn whenever carbon fibre is handled. 
Infusion epoxy resin RIM935 based on bisphenol A/F resin supplied by Hexion Inc. 
USA was used as a binder between CNTs and carbon fibres and matrix for 
composites. The epoxy resin was mixed with the hardener RIM937 (a polyether 
amine based curing agent, produced by Hexion Inc. USA) at 100:40 by weight. 
Curing was carried out at room temperature for 2 days with a further post-cure at 
100°C for 12 h. All other chemicals were used “as-received”. 
 
3.3 CNT dispersion development 
All suspensions were prepared by mixing varying amount of MWCNTs with 5 mL 
of different surfactant/ dimethyl formamide (DMF) solutions in glass vials, after 
which the resulting mixture was treated by one of two different methods: 
Method 1, the mixture was first ultrasonicated for 30 minutes (50 kHz, Decon-
FS300B sonication bath, Decon Laboratories Ltd, UK) and then ultrasonicated for 
a further 30 minutes after pausing for 30 minutes. 
Method 2, the mixture was first ultrasonicated for 30 minutes followed by 
centrifugation for 30 minutes, (rcf = 10,300 × g, Eppendorf Centrifuge 5417R, 
Hamburg, Germany). Then the liquid level in the centrifuge tube was marked and 
the dark-gray supernatant was carefully decanted. Finally DMF was added into the 
tube to the level marked and the MWCNTs were re-suspended by ultrasonication 
for 30 minutes. 
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3.4 Electrospray 
In order to improve the attachment strength of the CNTs onto the carbon fibre 
surface, an epoxy resin binder, RIM935, with hardener, RIM937, with the same 
amount of CNTs were added to the well dispersed CNT dispersion. The resulting 
mixture was electrosprayed onto an array of single carbon fibres as depicted in 
Figure 3.1. The equipment consists of a stainless-steel needle (with 0.8 mm inner 
diameter) and a steel platform as ground electrode. The needle is connected to a 
precision high voltage power supply (ES50P-20W, Gamma High Voltage Research, 
Inc, USA) capable of delivering an applied voltage of 50 kV to the needle with a 
resolution of 0.1 kV. The inlet of the needle is connected via silicone tubing to a 
hypodermic needle, which is fitted to a syringe of 6 ml. The syringe sits firmly on a 
precision syringe pump (Model type NE-1600, New Era Pump Systems, Inc., USA), 
which is capable of delivering low flow rates up to 0.001 μL/hr.  
 
 
Figure 3.1. Schematic representation of the electrospraying of carbon nanotubes onto 
carbon fibres. 
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* The potential risks from exposure to carbon nanotubes have been highlighted 
in numerous studies. Airborne exposure to carbon nanotubes might occur during 
this project. Therefore, a risk assessment for CNT safe work was carried out 
before dispersion and electrospray work started (See Appendix A). 
 
3.5 Characterization and Testing 
3.5.1 CNT Dispersion Characterization 
3.5.1.1 CNT dispersion stability analysis (UV-visible absorption spectra) 
UV-vis spectroscopy is usually used to evaluate the stability of individual carbon 
nanotubes in dispersions. It has been reported that there is almost no absorption 
bands in the UV–vis region for bundled carbon nanotubes; however, individual 
carbon nanotubes are active in this region and strong absorption can be observed 
[64, 77, 79, 80, 148].  UV-visible absorption spectra were obtained from the 
MWCNT dispersions in DMF using a Cary 3 UV-Visible spectrophotometer (Varian, 
Palo Alto, USA). The wavelength range from 200 to 800 nm in double beam mode 
using DMF as a reference was used to examine the absorbance of MWCNT 
suspensions. Each sample was diluted 80 times with DMF before measurement.  
 
3.5.1.2 Transmission electron microscopy (TEM)   
TEM observations were performed using a JEOL JEM2100 LaB6 (JEOL Ltd., 
Akishima, Japan) operated at 200 kV. Raw MWCNTs were dispersed in DMF by 
ultrasonication for 10 s, MWCNT suspensions with a concentration of 0.6 mg/mL 
were produced following the two methods given above (section 3.3). The resulted 
two supernatants were prepared for TEM imaging by drop casting onto holey 
carbon grids and subsequent drying at room temperature. 
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3.5.1.3 Raman analysis 
Raman spectra were obtained using an inVia confocal microscope system 
(Renishaw, Gloucestershire, UK) with 514 nm excitation from a Modu-Laser 
Stellar-Pro ML/150 Ar ion laser through a x50 (0.75 na) objective. Incident laser 
power as measured at the sample with a Nova power meter fitted with a PD300-
3W head (Ophir, Israel) was 0.45 mW. This configuration results in a power density 
of 82 kW/cm2 at the sample. Spectra were obtained using coaxial backscatter 
geometry over the range 100 to 3200 cm-1 and averaged over 4 scans, each with 
an accumulation time of 40 seconds. The Raman shifts were calibrated using the 
520 cm-1 line of a silicon wafer. The spectral resolution was ~ 1 cm-1.  
To prepare samples for Raman analysis, 10 μL of the dispersions prepared for the 
TEM analysis were placed on mirror polished metal substrates and the solvent was 
allowed to evaporate overnight at room temperature. Spectra were obtained from 
the MWCNTs at 7 different randomly chosen locations on each substrate. 
 
3.5.1.4 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) was carried out using a TA Instruments Q50 
thermal gravimetric analyser. Dried samples were obtained by holding the 
dispersions prepared for TEM analysis at 40 °C until the solvent was evaporated. 
At this temperature, the Triton X-100 is very stable. During the analysis, the 
samples were heated under continuous air flow, at a rate of 10 °C/min, and weight 
loss was monitored as a function of temperature between 25 and 800 °C. 
 
3.5.1.5 Surfactant investigation (ATR-FTIR) 
Infrared attenuated total reflectance (ATR) spectra were obtained using a Perkin 
Elmer (Beaconsfield, UK) System 2000 Fourier transform infrared (FTIR) 
spectrometer equipped with a narrow band mercury cadmium telluride detector, 
a Miracle ATR accessory (Pike Technologies, Madison, USA) and purged with liquid 
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nitrogen boil off. Spectra were collected from the residue left after solvent 
ĞǀĂƉŽƌĂƚŝŽŶĨƌŽŵĂϭʅ>ĚƌŽƉǁŚŝĐŚǁĂƐƉůĂĐĞĚŽŶƚŽƚŚĞĨĂĐĞŽĨĂƐŝŶŐůĞďŽƵŶĐĞ
temperature controlled ZnSe internal reflectance element (IRE). To speed up 
evaporation of the solvent the IRE was held at 40oC. Spectra were collected at a 
resolution of 4 cm-1 by co-averaging a minimum of 128 interferograms and 
applying a medium apodization function prior to Fourier transformation.  
Raman and infrared spectral data manipulation was carried out using Grams AI v 
9.1 (Thermo Fischer Scientific, USA). D/G ratios were calculated from the 
intensities of the corresponding bands. 
3.5.2 CNT coated CF characterization 
3.5.2.1 High-speed camera setup 
A high-speed digital camera (Redlake MotionScope PCI 2000S, Redlake MASD, Inc. 
USA), capable of 8,000 frames per second (fps) at maximum, was used to obtain 
time-series images of the electrospray. A continuous LED light was used to 
illuminate the spray area in order to get clear images. The camera was fixed on a 
stand close to the area of observation in such a way that the test section was 
located between the camera and the lighting system. Pictures were taken at a 
point near the CNT dispersion exit at a rate of 500 fps, a shutter speed of 1/2000 
s and a maximum recording time of 10 s. The resolution of the images obtained 
was 480 × 420 pixels.  
 
3.5.2.2 Scanning electron microscopy (SEM) 
The surface morphologies of the fibres after CNT treatment were investigated 
using a scanning electron microscope (ZEISS Supra 55 SEM VP) operated with a 5 
kV accelerating voltage and 7.5 mm working distance. Samples were not coated 
prior to imaging.  
 
37 
 
3.5.2.3 Electric field simulation during the CNT electrospray process 
In order to understand CNT flight path, the electric fields developed during the 
electrospray process were modelled using the finite element method (FEM) 
approach of the ANSYS Workbench software (ANSYS, USA). The electric field 
distribution between the spray jet and the negative plate is considered to be the 
main influencing factor in obtaining optimum collecting results from 
electrospraying, such as even coating area and good coating efficiency. The 
working model of the whole electric field can be divided into 2 parts: one is the 
metal spray jet (needle), the other is the negative plate (carbon fibre and steel 
platform). Before solving for the electric field intensity profile, some assumptions, 
are proposed in a way consistent with other such studies in the literature [149, 
150]. These assumptions include (1) ignoring the influence of electric charge of the 
ĞůĞĐƚƌŽƐƉƌĂǇĞĚEdƐ͕;ϮͿƐƵƉƉŽƐŝŶŐƚŚĞǀŽůƵŵĞĚĞŶƐŝƚǇŽĨĨŝĞůĚĞůĞĐƚƌŝĐĐŚĂƌŐĞʌсϬ͕
(3) considering the  dielectric constant and resistivity of  medium are constant and 
don’t depend on electric field and (4) neglecting the effects of control elements 
on electric field distribution. Table 3.1 shows the dimensions and isotropic 
resistivity of the materials involved, the electric tension loadings and distance 
between the needle and the negative plate.
Table 3.1. Parameters Setting of the Model
Model Needle Metal plate Air medium Carbon fibre 
Dimension D: 0.8 mm × L:10 mm 
D: 50 mm ×  L: 
1 mm 
L: 100 mm × 
L: 100 mm 
D: 0.008 mm × 
L: 25 mm 
Isotropic resistivity 1.7×10-7 1.7×10-7 2.0×1016 3×10-6 
Voltage 20000 V 0 -- 0 
Distance to needle 0 10 cm -- 9.8cm 
 
3.5.3 Testings of CNT-coated CFs 
3.5.3.1 Single fibre tensile testing 
Fibre tensile strength was determined using a Favimat + Robot 2 single fibre tester 
(Textechno H. Stein, Germany) which automatically records linear density and 
force - elongation data for individual fibres loaded into a magazine. A pretension 
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weight of 100 mg was attached to the bottom of each carbon fibre and a minimum 
of 75 measurements were conducted for each fibre sample. 
Linear density (nominal value of 0.8 tex as per supplier specifications) was 
determined using a gauge length of 25 mm and a pretension of 1.5 cN/tex. Tensile 
load - elongation curves were collected at a test speed of 2.0 mm/min using the 
same gauge length and a pretension of 0.5 cN/tex. Load data was normalized by 
dividing by the linear density to give specific stress strain curves from which tensile 
strength (ultimate specific stress or tenacity) could be determined.  
Friction was analysed using a Favimat + Robot 2 equipped with a friction analysing 
unit. Each individual fibre measurement was taken (manually) with the same 
pretension weight of 150 mg (the initial static load) attached to the lower end. 
Fibre filaments were fixed by first clamping at the top, followed by adjustment of 
the three-pronged friction clamp (polished stainless steel) to a starting gauge 
length of 5 mm and a pretension of 0.08 cN/tex. Coefficient of friction data was 
then collected as the clamp moved along the fibre at a speed of 20 mm/min, to a 
final gauge length of 25 mm. The friction unit was cleaned with acetone between 
each fibres to prevent cross-contamination [151]. 
The average load during the test (T1) was determined from the resultant force 
curves and the coeĨĨŝĐŝĞŶƚŽĨĨƌŝĐƚŝŽŶ;ʅͿĐĂůĐƵůĂƚĞĚĨƌŽŵƚŚĞĐĂƉƐƚĂŶĞƋƵĂƚŝŽŶŽĨ
friction, where T1 = T0 ĞǆƉ;ʅ͕ɽͿ[152], and  T0 is the initial statŝĐůŽĂĚĂŶĚɽŝƐƚŚĞ
total angle in radians subtended by the length of fibre in contact with the cylinders 
[153].  
 
3.5.3.2 Single fibre fragmentation test (SFFT) 
For the assessment of the influence of the CNTs on interfacial bonding, the 
interfacial shear strength of the CNT-coated carbon fibre in the epoxy was tested 
using the single fibre-composite fragmentation method. The procedures for 
preparation of the samples and measurement are as follows: 
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A silicone mould is prepared using a master mould, shown in Figure.3.2. A single 
carbon filament (70 mm) was positioned in the centre of a mould with a dog bone 
shaped cavity. The two ends of the fibre extended over the mould and were 
attached to clips with 150 mg weights in order to hold the fibre straight in the test 
specimen. Subsequently, the epoxy resin RIM935 was mixed with the hardener 
RIM937 at 100:40 by weight and then held under vacuum to remove any obvious 
voids. The epoxy was then poured into the mould so as to completely cover the 
fibre. Curing was carried out at room temperature for 2 days with a further post-
cure at 100°C for 12 h. The cured specimens were then ground and polished to 
obtain a final test coupon with dimensions, as shown in Figure 3.3. 
   
Figure 3.2. (a) Master mould for production of silicon mould. (b) A silicon mould for 
specimen fabrication. 
 
 
Fig 3.3. Dimensions of the SFFT specimen. 
 
a b 
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The specimen was fixed to an Instron 5967 tensile tester (Instron, USA) and 
strained up to 6% to ensure crack saturation stage, where the fragments become 
too short to break further, was obtained. A crosshead speed of 0.05 mm/min was 
used. During testing, fragmentation over the entire fibre length was monitored 
using a digital microscope (AD-4113ZT Dino-Lite, AnMo Electronics Co. Taiwan) 
and the number of fibre fragments within the gauge length of 20 mm were 
counted. The length of every fragment was then measured using an Olympus 
(Japan) DP70 digital camera coupled to an Olympus SZX12 long stereo zoom cross-
polarization microscope.  
* A risk assessment for CNT safe work was carried out before tensile test and 
single fibre fragmentation test started (See Appendix A) 
 
3.5.3.3 Wettability (Contact angle measurements) 
The wettability of carbon fibres by the polymer matrix was measured directly in a 
drop-on-fibre system using the generalized drop length–height method [154]. 
Unsized single carbon fibres and CNT-modified fibres were dipped into an epoxy 
resin (RIM935) with hardener (RIM937). After 10 seconds, the specimen was then 
transferred into a 70ć oven for curing overnight, shown in Figure.3.4. Stable 
polymer droplets were formed on the fibres and images were captured using an 
Olympus (Japan) DP70 digital camera coupled to an Olympus SZX12 long stereo 
zoom optical microscope. The droplet profiles were obtained and contact angles 
were determined by measuring at least 50 droplets, on at least three fibres, for 
each type of carbon fibre, so as to achieve statistically significant averages. 
 
 
 
 
CF Frame 
Epoxy resin with hardener 
Droplets on CF 
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Fig. 3.4. Schematic illustration for the preparation of contact angle measurement samples.    
 
3.5.3.4 Atomic force microscopy (AFM) 
AFM measurement is a very powerful approach with which to investigate the 
surface properties of a material such as surface topography and roughness [155]. 
In the present study, carbon fibres, as receive and CNT-coated, were observed 
under a MultiMode 8 scanning probe microscope (Bruker Nano Surfaces Division, 
USA) to determine the alteration of the fibre surface topography. Three single 
filaments were selected from each sample and fastened to a steel sample mount 
using double sided tape. All images were collected in air using the peak force 
tapping mode with a silicon nitride probe. At least three different positions (3 × 3 
ʅŵͿ ŽŶ ĞĂĐŚ ĨŝďƌĞ ǁĞƌĞ ŝŵĂŐĞĚ ƚŽ ŽďƚĂŝŶ Ă ƌĞƉƌĞƐĞŶƚĂƚŝǀĞ ĨŝďƌĞ ƐƵƌĨĂĐĞ
topography. 
At each of the different positions analysed for surface topography, five smaller 
images were ƚĂŬĞŶ;ϭпϭʅŵͿƚŽŐĂŝŶĂƌĞƉƌĞƐĞŶƚĂƚŝǀĞĨŝďƌĞƌŽƵŐŚŶĞƐƐ͘dŚĞĞĨĨĞĐƚ
of fibre curvature was minimized by only imaging a small area and by applying a 
second order flattening function to the image before analysis. The arithmetic 
average roughness, Ra, was calculated using the provided software (NanoScop 
Analysis). 
 
3.5.3.5 Surface energy analysis 
Surface energy and specific surface area determination were carried out using the 
IGC-Surface Energy Analyzer (Surface Measurement Systems, Alperton, Middlesex, 
UK). Approximately 1.0 g of each carbon fibre sample was packed into individual 
300 mm long by 4 mm inner diameter silanized glass columns (Surface 
Measurement Systems, Alperton, Middlesex, UK). Samples were conditioned in 
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situ by heating for two hours at 30 °C and 0% RH with an 8 sccm total flow rate of 
helium carrier gas.  
A series of n-alkanes (n-hexane, n-heptane, n-octane and n-nonane) and polar 
probes (chloroform, ethyl acetate, acetone, ethanol and dichloromethane) were 
injected at specific fractional surface coverages and their retention times 
measured. The retention times were converted into retention volumes and the 
dispersive surface energy (ߛௌ஽) and specific free energy of desorption (߂ܩௌ௉଴ ) on a 
solid sample determined in accordance with the standard method described by 
Jones [156]. 
The ߂ܩௌ௉଴  value obtained from the chloroform and ethyl acetate pair of mono-
functional acidic and basic probes was used to determine the acid and base 
properties of the samples by applying an acid–base theory developed by van Oss 
[157]. The specific component of the surface energy (ߛௌ஺஻) was calculated as the 
geometric mean of the surface energies determined for this acid (Lewis acceptor) 
base (Lewis donor) pair [158]. Total surface energy, ߛௌ் , was calculated as the sum 
of the dispersive (ߛௌ஽) and specific (ߛௌ஺஻) energy contributions. Fitting the data to 
an exponential decay function; y = y0 + Aeоx/t, allows extrapolation across the 
entire range (0–100%) of surface coverage (x) where y0 is the value of the function 
at infinity, A is the determination of the range of energies and t is the decay 
constant, both important parameters in assessing the heterogeneity. The 
maximum (y0 + A) as well as the average surface energy of the whole sample y(1) 
can be obtained. 
3.5.3.6 Fractographic analysis 
The detailed failure mechanisms that take place in CNT reinforced hierarchical 
composites under tensile loading were investigated in this work. During the single 
fibre fragmentation tests, the carbon fibre/epoxy composite specimens were 
further stretched continually until the sample was broken in the middle region of 
the dog bone shaped sample. SEM was used to characterise the fracture cross-
section of the broken sample, and then fractographic analysis was employed to 
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provide detailed information and deduce the sequence of failure events. In 
particular, the influence of the CNT deposition interphase on initiation and 
propagation of the fracture and the size of the crack was investigated, with the 
aim of identifying the reinforcement mechanism and the potential for further 
improvement in future research.   
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CHAPTER FOUR 
4 CNT Dispersion Preparation for 
Electrospray-An Improved 
Understanding of CNT Dispersion in 
Non-aqueous Solvents 
 
4.1 Introduction  
The homogeneous and stable dispersion of carbon nanotubes in solvents is often 
a prerequisite for their use in advanced materials. Dispersion procedures, reagent 
concentration as well as the interactions among reagent, defective CNTs and less 
defective CNTs will affect the resulting CNT dispersion properties. Thinking about 
CNT dispersion suitable for electrospray and composite application later, the ideal 
dispersion should use the lowest amount of surfactant, support the most CNTs 
and exhibit acceptable stability.  
The aim of this chapter is to better understand the conditions for the surfactant 
assisted dispersion of CNTs in volatile solvent. This study, for the first time, 
presents a detailed comparison between two different approaches for dispersing 
CNTs. One approach uses ultrasonication alone and another uses the re-dispersion 
of precipitate through a combination of ultrasonication and centrifugation. The 
dispersions were assessed by UV-Visible, Raman and infrared spectroscopy, 
thermogravimetric analysis as well as transmission electron microscopy. The 
results enhanced our understanding of the interactions between surfactant, 
defective CNTs and less defective CNTs and thus provide insight into the 
mechanism of dispersion. As a result, the optimal CNT dispersion for electrospray 
and composite application could be obtained. 
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4.2 Experimental Method  
The experimental details of this work were discussed in chapter 3.  
 
4.3 Result and Discussion 
4.3.1 Surfactant and solvent selection  
For selecting optimal surfactant and solvent to further understand the mechanism 
of dispersion, a list of preliminary experiments were conducted based on literature. 
Five different surfactants and one polymer assistant in varying solvents were 
assessed for their ability to assist in CNT dispersion (shown in table 4.1).  
Table 4.1. Different types of surfactants and their dispersion ability for CNTs. 
Type of CNTs Agents used Solvent (10ml) Method Stability 
MWCNTs 
(5mg): 
 
Outer 
Diameter: 
20-30nm 
 
Inside 
Diameter: 
5-10nm 
 
Length: 
0.5-2.0um 
 
Bulk Density: 
0.28g/cm3 
SDS* (10mg) Water High power ultrasonic probe-2h Several months 
SDS (10mg) DMF* Ultrasonication alone 1h (Method 1) Several days 
SDS (10mg) DMF/THF* (1:1) Method 1 1days 
SDS (10mg) Acetone Method 1 10min 
CTAB* (10mg) DMF/THF (1:1) Method 1 < 1days 
Triton X-100 (10mg) DMF Method 1 > 1 week 
Triton X-100 (10mg) DMF/THF (1:1) Method 1 Several days 
Lissapol TN450 
(10mg) DMF/THF (1:1) Method 1 1-2 days 
Croscolor (10mg) DMF/THF (1:1) Method 1 1-2 days 
PVP* (5-20mg) DMF Method 1 10-30min 
PVP (5-20mg) Ethanol Method 1 10min 
SDS (<5mg) DMF/THF (1:1) 
Ultrasonication 30 
mins-Centrifugation 30 
mins- Sonication bath 
30 mins 
(Method 2) 
Several months 
SDS (<5mg) DMF/THF (1:3) Method 2 < 1days 
Triton X-100 (<5mg) DMF/THF (1:1) Method 2 Several months 
Triton X-100 (<5mg) Acetone Method 2 Several days 
*SDS: Sodium Dodecyl Sulfonate; CTAB: Cetyltrimethylammonium Bromide; PVP: Polyvinylpyrrolidone; THF: 
Tetrahydrofuran; DMF: Dimethylformamide 
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The method using the re-dispersion of precipitate through a combination of 
ultrasonication and centrifugation for the production of CNT dispersions is more 
suitable for electrospraying after several trials. By weighing the residue remaining 
after solvent evaporation, the weight of surfactant covering the CNTs was 
estimated to be less than 50% compared to the ultrasonication alone method used. 
More importantly, the stability of resulted CNT dispersion by this new method was 
improved obviously. Therefore, Triton X-100 and DMF was used to study the 
mechanism of CNT dispersion, and DMF/THF were used for electrospray study in 
the following works. 
 
4.3.2 Effect of dispersion method
Visual observation is a quick effective way to semi-quantitatively evaluate the 
dispersion and stability of CNT suspensions. Images obtained from freshly 
produced and aged dispersions prepared by the two methods are shown as Figure 
4.1.  
 
Figure 4.1. Visual images of the MWCNT dispersions produced by Method 1, imaged 
immediately after treatment (a) and after standing 14 days (b). The corresponding 
dispersions produced by Method 2 are shown as (c) and (d), respectively. 
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From the horizontal view no differences can be detected. If the vials are tilted 
however, a clear difference can be observed. Figure 1a depicts 3 mg of MWCNTs 
suspended in a 5 ml DMF solution in the presence of Triton X-100 immediately 
after ultrasonication (Method 1). The initial suspension appears as a macroscopic 
homogenous black dispersion. After standing for two weeks, agglomeration of the 
MWCNTs can be clearly seen in the suspension (Figure1b). The results of a 
comparable preparation carried out using Method 2 are shown as Figure 1c and d. 
Although it is expected that a large proportion of the Triton X-100 was decanted 
under Method 2 conditions, the result (Figure1c) shows that a homogenous black 
dispersion was still obtained. More importantly however, it was found that 
MWCNT suspensions prepared by Method 2 formed homogeneous solutions that 
remained stable for several weeks (Figure 1d). Based on these observations 
Method 2 clearly appears to have superior stabilizing ability. 
 
4.3.3 Comparison of dispersion stability using UV-Vis 
spectroscopy 
It is well established that UV-visible absorbance spectra can provide a simple and 
rapid quantitative measure of the relative dispersion state of CNTs [80, 159]. 
Individual single walled CNTs are active in the UV-visible region and exhibit 
characteristic bands due to van Hove singularities in the valence and conductive 
bands of the nanotube’s electronic density of states [160, 161]. For MWCNTs these 
individual transitions are not observed, instead, a broad absorbance over this 
region is observed. Bundled or entangled carbon nanotubes are not active in the 
UV-visible region. Therefore any absorbance in this region can be attributed to the 
presence of isolated individual MWCNTs. 
A preliminary set of experiments were carried out where 3 mg of MWCNTs were 
dispersed with 0.02, 0.06, 0.1 and 0.14 wt% (0.3 to 2.1 mM) concentrations of 
Triton X-100 using Method 1. These values are all above the critical micelle 
concentration (CMC = 0.22 – 0.24 mM) of Triton X-100 in water as given in the 
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manufacturer’s safety data sheet. The CMC value in DMF could be expected to be 
different. The results, shown as Figure 4.2, suggestes that 0.06 wt% Triton X-100 
produces the best dispersion. Based on these results a surfactant concentration of 
3 mg / 5 mL DMF was used for all subsequent experiments.  
 
Figure 4.2. Evolution of UV-visible spectra obtained from suspensions with varying Triton 
X-100 concentration for a 3 mg MWCNT mass. 
 
Figure 4.3 presents UV-Visible absorption spectra of varying amounts of MWCNTs 
dispersed in 5 mL of the Triton X-100/DMF solution by the two methods. The 
absorbance of the MWCNT suspensions exhibit maxima between 250 and 300 nm 
and then decreases gradually with higher wavelength. The intensities of the 
absorption spectra are found to increase linearly with increasing concentration of 
MWCNTs. Triton X-100 has an absorbance between 250-290 nm which is 
associated with its phenyl group [162] (see lowest trace of Figure 4.3). Spectra 
obtained from MWCNT suspensions prepared by Method 1 exhibit an additional 
absorbance in this region. This is particularly noted when the concentration of 
MWCNTs is low such as for the solid trace shown for the 1 mg dispersion in Figure 
4.3.  
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 Figure 4.3. Evolution of UV-visible spectra obtained from suspensions with varying 
amounts of MWCNTs in a Triton X-100/DMF solution (3 mg/5 mL) prepared by the two 
methods (suspensions were diluted by a factor of 80 prior to analysis). 
 
In contrast, this spectral feature is not observed for the comparable suspensions 
prepared by Method 2 (dashed trace), indicating much of the Triton X-100 was 
removed during the decanting process. It also should be pointed out that samples 
prepared by Method 2 exhibit a slight increase in maximum absorbance compared 
with those prepared using Method 1. This could possibly be attributed to more 
individual MWCNTs being separated, and/or possibly some carbonaceous 
impurities being removed through the Method 2 process.    
From the Beer-Lambert law, the intensity of a given absorbance band for a given 
path length and under appropriate conditions is proportional to the concentration 
of the absorbing species present. As mentioned above, a linear relationship was 
found for the dispersions prepared in this study thus enabling a quantitative study. 
In order to avoid the interference from Triton X-100, it was decided to use the 
absorbance at 300 nm when making comparison between the different methods 
and various MWCNT concentrations. While this approach may not be as sensitive 
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as when the peak maximum is used, the validity of the results are supported by 
identical trends being obtained using absorbance values as high as 600 nm.   
An experiment was carried out to test the stability of the dispersions produced by 
the two methods. Dispersions were prepared at three MWCNT concentrations, 0.4, 
0.6 and 0.8 mg/mL and tested immediately and then again after 7 and 14 days. 
Figure 4.4 presents a comparison of the stability of these MWCNT dispersions. 
After standing 14 days, the absorbance value of the suspensions prepared by 
Method 2 (dashed lines) did not change significantly. A slight decrease is observed 
especially at high MWCNT concentration. In contrast, the absorbance values 
obtained from the suspensions prepared by Method 1 decreased significantly, 
suggesting that many individual MWCNTs have re-aggregated as a function of time. 
By combining these spectroscopic results with those of the visual images, it can be 
concluded that Method 2 produces a more stable MWCNT dispersion while 
requiring a much lower concentration of surfactant.  
 
Figure 4.4. Evolution of the absorbance at 300 nm for MWCNT suspension of varying 
concentration prepared by the two methods.  
 
From comparison of the results shown in Figure 4.3 and Figure 4.4 that were 
obtained immediately after dispersion, there appears to be wider spread at the 
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highest (0.8 mg/mL) CNT contraction. The standard deviations however were 
found to be within 10% of the mean values for all CNT concentrations.  
4.3.4 Understanding of stability improvement mechanism by 
Raman Spectroscopy 
The mechanism of dispersion stability improvement was investigated using Raman 
spectroscopy and TEM imaging. Raman spectroscopy is an excellent technique for 
the study of CNTs [163, 164]. For CNTs there are a number of sensitive bands that 
can be analyzed for structural information. The degree of aggregation between 
individual SWCNTs  has been assessed through changes in the radial breathing 
modes (RBMs) [70, 165]. These modes however are not observed in the spectra 
obtained from MWCNTs. Prominent features in the Raman spectra of all carbon 
nanotubes are the so-called G (graphitic) and D (disordered induced) bands [163, 
164]. These features are attributed to stretching vibrations of the C–C bonds 
forming a pure carbon based material. The G band, with its E2g symmetry, arises 
from the in-plane bond stretching motion of pairs of sp2 hybridized carbon atoms. 
In contrast, the D band is a breathing mode of A1g symmetry which is forbidden in 
perfect graphite and becomes active in the presence of disorder [166]. The relative 
intensity of the D and G bands have recently been utilized to assess changes in the 
structures of MWCNTs [167].  
The D and G band region typical of those observed for the dispersions prepared 
by Methods 1 and 2 is shown as trace A in Figure 4.5. Similar spectra were obtained 
from the raw MWCNTS which were cast from DMF immediately after brief periods 
of ultrasonication (10 and 60 s). For a purely graphitic structure only a G band 
would be observed and for many SWCNTs the D band is very weak. The average 
D/G ratios determined for raw and suspended MWCNTs (Figure 4.5 left) range 
from 0.719 to 0.857. These values are typical of those observed for MWCNTs 
prepared by the CVD process [167].  
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Figure 4.5. D and G bands of Raman spectra: Left - A) typical of Method 1 and 2, B) 
supernatant from Method 2. Right:  bar graph showing D/G ratios and standard error.
 
The D/G ratio of the MWCNTs in the suspension prepared using Method 1 was 
significantly higher compared to those determined for all of the other preparation 
methods (raw MWCNTs and Method 2). One possible explanation for this is that 
the ultrasonication process is either producing or freeing up more defective 
nanotubes as bundles are being disaggregated. There is a slight but not statistically 
significant increase in the D/G ratio observed for the raw MWCNTs as 
ultrasonication time increased.  
No statistical differences were found between the D/G ratios measured for the 
raw MWCNTs and those from the suspension prepared by Method 2, but this only 
tells half the story. An interesting result was found when the spectrum of the 
supernatant decanted after centrifugation was recorded. This spectrum is shown 
as trace B in Figure 4.5. The average D/G ratio determined for this sample, as 
depicted in Figure 4.5 right, is 1.18. This result suggests that even though no 
significant decrease is observed in the D/G ratio of the suspension prepared by 
Method 2, MWCNTs with a much higher level of defects are being removed.       
0 
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4.3.5 Understanding of stability improvement mechanism by 
TEM 
To support the interpretation of the UV-visible and Raman spectroscopic results, 
TEM investigations were carried out. Typical results are presented in Figure 4.6
and Figure 4.7. The raw MWCNTs (Figure 4.6a) tend to be entangled and aggregate 
into large ropes due to their high aspect ratios and strong van der Walls attractions. 
At higher magnification (Figure 4.7a), a significant number of catalyst particles 
(dark spots) can be observed at the end and within some MWCNTs.  
Figure 4.6. TEM micrograph (10k magnification) of MWCNT from (a) raw, (b) Method 1, 
(c) Method 2 and (d) supernatant of Method 2. 
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Figure 4.7. TEM micrograph (100k magnification) of MWCNT from (a) raw, (b) Method 1, 
(c) Method 2 and (d) supernatant of Method 2. 
 
Images of the material present in the supernatant (Method 2) are shown as Figure 
4.6d and Figure 4.7d. Due to its low concentration, there is much less material 
present. The material observed in the high magnification image (Figure 4.7d) is 
very similar to that observed wrapping the straight MWCNTs in Figure 4.7b. The 
structures observed in the supernatant are consistent with the high D/G ratio 
measured from its Raman spectrum (Figure 4.5 trace B). Clearly the centrifugation 
step of Method 2 is removing highly defective nanotubes and possibly other 
carbonaceous material from the suspension.  
It is reported that defects at the sidewall of tubes act as active sites for binding 
with reagents, which as a result improve the dispersibility of nanotubes [91]. An 
abundance of Triton X-100 molecules on the surface of the defective MWCNTs 
could explain their presence in the supernatant and not in the precipitate. As 
pristine CNTs with less defects are chemically inert and their surface is highly 
hydrophobic in nature, their binding ability with Triton X-100 molecules is 
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relatively low. Therefore an unbalanced and disturbed system might form among 
Triton X-100 molecules, defective MWCNTs and MWCNTs with less defects in the 
DMF solvent. As the system is not stable, the MWCNT dispersion produced by 
Method 1 agglomerates after a few days. In contrast, the removal of the defective 
MWCNTs by Method 2 improves the stability of the suspension and increases the 
amount of single, low defective MWCNTs that can be supported in the dispersion.   
By combining the TEM and Raman results a better understanding is obtained 
about the dispersion process. Based on the manufacturer’s specifications the raw 
MWCNTs contain a small fraction of defective nanotube material (purity > 95% 
and amorphous carbon <1.5%). This is the thin and convoluted nanotubes and 
catalyst particles observed in the TEM images of the supernatant (Figure 4.6d and 
Figure 4.7d). The small fraction of this material present and their entanglement by 
the larger aggregated MWCNTs limits detection by the Raman technique. In recent 
studies of MWCNTs where the level of defects were increased through functional 
group grafting [168] and gamma irradiation [169], no or very little change in D/G 
ratio was observed. With increasing ultrasonication time, more and more MWCNT 
bundles are broken up enabling the highly defective material to be dispersed. This 
accounts for the observed D/G ratio being in the order: Raw 10 s < Raw 60 s < 
Method 1 (Figure 4.5 right).   
 
4.3.6 Surfactant concentration study by thermogravimetric 
analysis 
Thermo Gravametric Analysis was used to assess the concentration of Triton X-
100 present in the dispersions produced by the two methods. TGA of the raw 
MWCNTs provides information as to their purity which can be compared to the 
manufacturer’s specifications. The thermograms obtained from the different 
samples are presented in Fig 4.8. The results demonstrate that, with increasing 
temperature, the degradation of the dispersed samples occur in two steps. The 
first main mass loss, between 175 and 400°C, corresponds to the combined 
56 
 
degradation of Triton X-100 and some carbonaceous impurities of the MWCNTs, 
whereas the second mass loss, between 400 and 700°C, is mainly due to the 
oxidation of the CNTs themselves. 
 
Figure 4.8. Thermograms obtained from raw MWCNTs, dispersed MWCNTs produced 
using Methods 1and 2 and the supernatant from Method 2.   
 
The thermal degradation of the raw MWCNTs occurred in one step starting at 
around 500oC. The residue of 1.6 wt% after the complete oxidation likely 
corresponds to iron catalyst and is consistent with the > 95wt% purity level 
provided by the manufacturer. In contrast, all of the dispersed MWCNTs 
decompose in two steps. The mass loss of CNTs produced by Method 1 occurred 
at ׽330 °C (~57 wt%) and 580 °C (~42 wt%). Taking into account the content of 
amorphous carbon and ash from the raw MWCNTs (< 5 wt%) and experimental 
error, this value corresponds to a 1:1 mass ratio between Triton X-100 and 
MWCNTs.  
The thermogram obtained from the supernatant isolated during the Method 2 
process shows that the content of Triton X-100 in the DMF solution is about 89 
wt%, suggesting that a large proportion of the surfactant is left in the liquid phase, 
rather than wrapping or forming micelles on the MWCNT surface. The 
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thermogram obtained from the final product of Method 2, which is obtained after 
decanting the supernatant, exhibited a slight decomposition (~5 wt% weight loss) 
at ~330 °C. This is consistent with the results obtained from the supernatant and 
suggests that the mass ratio between Trion X-100 and MWCNTs is about 1:20 or 
1/20th of that in Method 1. Increasing the temperature above 500oC resulted in a 
further mass loss of 93 wt%. 
The dispersion of CNTs in solution is not based around the amount of surfactant 
in solution but the formation of surfactant based structures including cylindrical 
surfactant micelles in which the CNT forms the core, hemispherical adsorption of 
surfactant molecules on the MWCNT surface and the random adsorption of 
surfactant molecules.  Taking into account the 93 wt% mass loss upon thermal 
decomposition of the MWCNTs dispersed by Method 2 and knowing that the 
MWCNT decomposition after the oxidation of the MWCNTs in the supernatant 
was 8 wt %, it is then possible to calculate the actual concentration of Triton X-100 
in the CNT dispersion prepared by Method 2 to be of the order of 0.003 wt% (0.045 
mM). This concentration is below the critical micelle concentration (CMC = 0.22 – 
0.24 mM) of Triton X-100 in water and suggest that the Triton X-100 molecules are 
randomly adsorbed without preferential head–tail orientation on the MWCNT 
surface. This mechanism was found to be responsible for the stabilization of SDS 
dispersed single walled CNTs [170].  
 
4.3.7 Investigation of surfactant role in dispersion by FTIR 
In an attempt to investigate the role of the surfactant in the dispersions, infrared 
spectra were obtained from MWCNT suspensions prepared by the two methods. 
Carbon nanotubes that are not functionalized, having no permanent dipole, only 
exhibit very weak infrared spectra.  In contrast, as seen from trace A in Figure 4.9, 
the spectrum of Triton X-100 exhibits strong absorptions at 1102 cm-1 (aliphatic 
ether), 1245 cm-1 (phenyl ether), 1511 cm-1 (phenyl), 2868 and 2948 cm-1 (methyl)  
[171].  The structure of Triton X-100 is presented as the inset in Figure 4.9.  
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The spectrum obtained from the dispersion prepared by Method 1 is shown as 
trace B in Figure 4.9. This spectrum is in very good agreement with that shown as 
trace A suggesting that Triton X-100 is present in high abundance and the 
environment of the bulk of the individual molecules is very similar to that in the 
pure liquid. Careful comparison however reveals a variation in the relative 
intensities of the CH stretching (~2900 cm-1) and CH2-O-CH2 stretching (1245 cm-1) 
bands. For the pure surfactant at infinite thickness compared to the penetration 
of the evanescent wave, the ratio is 1:3. When cast from DMF as a thin film with 
the MWCNTs (dispersion Method 1) the ratio is close to 1:1. When a thin film of 
pure Triton X-100 is cast from DMF at the same concentration used for preparing 
the dispersions (spectrum not shown) the ratio is 1:2. This variation can possibly 
be attributed to packing differences between the individual molecules. The 
distorted baseline and derivitization of some of the bands in trace B can be 
attributed to refractive index effects caused by the presence of the MWCNTs. 
 
Figure 4.9. ATR infrared spectra obtained from: A) pure liquid Triton X-100 and films cast 
from CNT dispersions prepared from B) Method 1 and C) Method 2. The structure of Triton 
X-100 is shown as the inset where x = 9-10. 
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The spectrum obtained from the film cast from the MWCNT dispersion prepared 
using Method 2 is shown as trace C in Figure 4.9. This spectrum is very weak in 
terms of its organic features and likely represents the state of the surfactant 
bound to the MWCNTs. Investigation into the lower limit of detection for Triton X-
100 in DMF by UV spectroscopy shows that it would be difficult to detect the Triton 
feature when its concentration was reduced by 90%. This residual concentration 
is in agreement with the TGA results which suggested that 95% of Triton X-100 
was decanted. As discussed above the Triton X-100 concentration left in the 
Method 2 dispersion is below the CMC and that it is likely that the molecules are 
adsorbed randomly on the MWCNT’s surface. The bands observed in the low 
wavenumber region of the spectra, the aliphatic and phenolic ether modes, are 
clearly visible and consistent with those observed in traces A and B. What stands 
out as significantly different however is the C-H stretching region where the now 
dominant peaks, 2916 and 2845 cm-1, can be assigned to C-CH2-C ethylene modes 
[171]. The ethylene bands at 2948 and 2868 cm-1, associated with the long CH2-
CH2-O chains, can still be observed but are much weaker. This subtle difference is 
masked by the high concentration of surfactant in the spectrum of the sample 
prepared by Method 1. Jiang and co-workers [172] have observed similar intensity 
changes in their study of aqueous dispersion of CNTs in the presence of SDS and 
attributed it to the interaction of the aliphatic chains with the CNTs. Our results 
suggest that in the case of Triton X-100 the 9 to 10 repeat unit long ethoxylate 
chains are likely interacting with the surface of the MWCNTs. Based on steric 
effects, it is unlikely that the opposite end of the Triton X-100 molecule, with its 
bulky highly branched methyl structure, would interact with the MWCNT surface 
(see insert in Figure 4.9).  
 
4.4 Conclusions 
The optimal and efficient dispersion of carbon nanotubes in various solvents is 
critical for their use in advanced materials. In this work, for the first time to our 
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knowledge, two surfactant assisted methods for dispersing MWCNTs in an organic 
solvent have been developed and compared in detail. Both methods involve the 
ultrasonication of the nanotubes in DMF with a small volume (0.06 wt%) of Triton 
X-100 while one includes an additional centrifugation and decanting step. 
 It was found that the method combining ultrasonication and centrifugation 
produced more stable dispersion with higher MWCNT content compared to 
dispersions produced by ultrasonication alone. TEM and Raman spectroscopic 
investigations revealed that the centrifugation step separated highly defective 
nanotubes as well as amorphous carbon from the CNTs with less defects. Unlike 
previously published work, the debundled MWCNTs were found in the precipitate, 
not in the supernatant. The superior stability of the dispersions produced by this 
method can be attributed to the elimination of these materials. Ultimately CNTs 
with less defects remain in the dispersion. 
By decanting the DMF after centrifugation the amount of Triton X-100 present in 
the solution is dramatically reduced (1/20th of the initial concentration), which can 
be a benefit for many applications. Thermo gravimetric analysis of the dispersions 
revealed that this concentration was below the CMC for Triton X-100 suggesting 
that the surfactant molecules are randomly absorbed onto the surface of the 
MWCNTs. Infrared spectral analysis suggests that the methylene groups of the 
polyoxyethylene (aliphatic ether) chains of the residual Triton X-100 molecules are 
interacting with the MWCNTs. The results presented in this chapter enhance our 
understanding of the interactions between surfactant, defective CNTs and less 
defective CNTs and thus provide insight into the mechanism of CNT dispersion. 
Most importantly, the dispersion with the lowest amount of surfactant, support 
the most CNTs and exhibit acceptable stability would be optimal for electrospray 
deposition. 
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CHAPTER FIVE 
5 Optimisation of Electrospray Carbon 
Nanotubes  
 
5.1 Introduction  
The electrospray technique has many parameters which result in a number of jet 
modes, deposition patterns and surface morphologies of the coated materials. The 
primary objective of this chapter is to understand and optimise the electrospray 
parameters with the end result to control the modification of the surface 
morphologies of CNTs on carbon fibres. Little has been published in the literature 
on these properties and this study is an attempt to fill a part of the gap. A number 
of experiments were conducted to understand the effect of process parameters 
on the deposition of CNTs on the surface of carbon fibres.  
The major variables of the study that could affect the surface features are electric 
field intensity distribution and the nature of materials, which would affect the 
deposition of CNTs and interconnection among coated CNTs and other materials. 
Applied voltage, distance and flow rate are common determining factors in 
electrospray process. When considering the surface features of deposition, 
atmosphere temperature, evaporation rate of solvent as well as the performance 
of materials, ie CNTs, carbon fibre and binder in electric field will also affect the 
final surface morphology. 
This chapter includes a spray mode study using a high speed camera, a description 
of the deposition pattern obtained under the different sets of parameters, 
simulations of the electric field potential, an investigation of the effect of process 
parameters on CNT morphologies and finally, comparisons of surface features 
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produced by other potential factors, such as varying spray solutions and target 
patterns. 
5.2 Experimental Method  
5.2.1 Design of Experiment Approach 
To study the performance of CNTs in electric field and the resulted surface 
morphologies on fibre surface, 3mg CNTs with 3mg Triton X-100 were mixed with 
5 ml DMF, and then dispersed by using Method 2 (details are given in chapter 3 
and chapter 4). All experiment were performed in the air at room temperature 
unless otherwise noticed. The research approach in this chapter was designed as 
follows: 
Spray mode study:  The distance between the needle and platform was fix to be 
5cm, and flow rate was 2 ml/ h. The voltage was applied from 2.5 kV to 15 kV in 
order to investigate the development of spray mode. After that, the deposition 
feature of CNTs under varying applied voltages was discussed by spraying CNTs 
onto white paper. 
CNT flight path understanding: Before coating CNTs onto carbon fibre surface, 
based on the spray mode results, the flight path of CNTs in electric field was 
simulated by using the finite element method approach of the ANSYS Workbench 
software.  
Deposition patterns of CNTs on carbon fibre: Electrospraying CNTs was conducted 
by changing a list of parameters, as shown in Table 5.1. The forming mechanism 
of various surface morphology was understood through SEM observation, 
schematic diagram and ANSYS simulation. 
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Table 5.1. Process parameters of electrospraying CNTs onto carbon fibre. 
Parameters  
Time  2 min 5 mins 10 mins  20 mins 
Voltage 10 kV 15 kV 20 kV 30 kV 
Distance 5 cm 10 cm  15 cm 
Flow rate  0.5 mL/hr 2 mL/hr 5 mL/hr 10 mL/hr 
Temperature 25oC 60oC 100oC 
Solvent DMF/THF DMF/Acetone DMF THF Acetone 
Binder Epoxy resin/ Hardener Polyvinylidene fluoride (PVDF) 
Fibre Filament  Bundle 
 
5.3 Result and Discussion 
5.3.1 Spray mode study of electrospray by high speed camera 
It has been well recognised that different liquid and operation conditions produce 
different modes in electrospray process [173, 174]. Figure 5.1 summarizes the 
influence of applied voltage on the mode of electrospray by using the high-speed 
camera images. The high-speed camera images with short gate time captured 
clear images of the electrosprayed CNT dispersion in electric filed. Applied voltage 
was found to be a critical factor influencing the spray pattern. Details on each 
electrospray mode will be discussed in the following section. 
2.5 kV 5.0 kV 6.0 kV 7.0 kV 8.0 kV 10.0 kV 15.0 kV 
Dripping Micro-dripping 
Pulsating
-cone jet Cone jet 
 
Figure 5.1. High-speed camera images of the electrospray of CNT dispersion. 
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5.3.1.1 Dripping mode 
At very low voltage the first type of jet appearing in the electrospray was a dripping 
mode. The deformation of spray liquid droplets started at about 2.5 kV, which is 
far below the corona discharge onset voltage when the strength of the electric 
field around the droplet is high enough to form a conductive region in air[175]. 
Figure 5.2 illustrates time-series images describing the dripping mode at an 
applied voltage of 2.5 kV. As can be seen, droplets forms with a diameter larger 
than that of the needle diameter, then break off from the needle and fall away.  It 
is also found that a pair of droplets with different sizes were always created in 
dripping mode. In addition to the main droplet (2.5 mm) developing from the 
nozzle, a thin thread (at 12 ms) connected the droplet and the nozzle turned out 
to be a droplet (at 20ms). The dripping frequency was 0.1 Hz, which corresponds 
ƚŽĂĨůŽǁƌĂƚĞŽĨĂďŽƵƚϭ͘ϰʅ>ͬƐ͘Absolutely this kind of spray mode is not suitable 
for nano material deposition as the droplet size is so big that solvent inside would 
not evaporate before arriving collector.  
 
Figure 5.2. Time-series images of the dripping mode (2.5 kV). Inset: High magnification of 
a pair of droplets with different sizes. 
5.3.1.2 Micro-dripping mode 
As voltage increases the next mode observed is the micro-dripping mode. Again 
two drops are observed. The size of the large droplet decreased in proportion to 
the inverse of the dripping frequency, while the size of the small droplet remains 
constant. Dripping mode changed into micro-dripping mode at voltages above 5 
0 ms            4 ms              8 ms            12 ms           16 ms           20 ms    
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kV. Figure 5.3 shows the time-series high speed camera images for the micro-
dripping mode. A significant change from the dripping mode to the micro-dripping 
mode is the presence of a Taylor cone as seen in Figure 5.3 left (0 ms) [176]. In the 
dripping mode, droplets having size larger than that of the nozzle are observed 
falling down without forming a Taylor cone. In contrast, the micro-dripping mode 
consisted of several standard processes. A well-defined Taylor cone (at 0.0 ms) 
was formed at the tip of the spray nozzle, and then the Taylor cone was elongated 
(at 4 ms), and a pendant-like elongated droplet detached from the nozzle (at 8-10 
ms). Similar to the case in dripping mode, micro-dripping mode always produced 
a pair of primary droplets with different diameters but of more consistent size 
(ĂďŽƵƚϮϱϬĂŶĚϭϬϬʅŵ).  
 
                                    
Figure 5.3. Time-series images of the micro-dripping mode (5.0 kV). Inset: High 
magnification of the secondary cone on the detached droplet. 
 
In the experiments it is found that micro-dripping mode is a 4 drop cycle. After the 
first droplet pair was emitted (at 12 ms), it took about 26 ms to overcome the 
surface tension of the liquid before the second primary droplet was emitted (at 38 
0 ms                4 ms              8 ms             10 ms          12 ms          16 ms  
 
 
 
 
 
 
  34 ms            38 ms                                            134 ms          136 ms 
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ms). However, there was usually a large time interval (about 100 ms) before the 
third and fourth droplets appeared. This is probably a result of the imbalance 
between the amount of liquid lost through the emission and the liquid supplied 
the metering pump to the needle. These elementary processes repeated regularly 
in the time order shown in Figure 5.3. The first two enlarged photos at 16 ms and 
38 ms show the secondary cone on the detached droplet due to the effect of 
electric field force. Coulomb fission could be observed irregularly in time with 
relatively low probability, for example from 134 to 136 ms (Figure 5.3), the highly 
charged “primary drop,” due to its instability, undergoes successive breakup 
resulting in a multitude of smaller “secondary drops”. The observed frequency of 
micro dipping ranged from 10 to 40 Hz, and it is not good enough to be used to 
deposit CNTs due to the relative large size of droplets. 
 
5.3.1.3 Pulsating-cone jet mode     
When the applied voltage is increased to a value slightly lower than that required 
for a stable jet but higher than that producing the micro-dripping mode, a jet may 
be emitted only intermittently. Figure 5.4 shows the time-series evolution of the 
pulsating-cone jet mode obtained at 6.0kV. In this mode, the diameter of the jet 
during the emission phase decreased remarkably compared with the two modes 
discussed above, which occur at regular time intervals. The droplet sizes is still big 
and its distribution is wide compared to that in a stable mode formed at a slightly 
higher voltage (see below). Under these conditions the observed frequency 
became higher, about 125 Hz. As Vertes’ group demonstrated, the cone pulsation 
cycle consists of four phases: liquid accumulation, cone formation, ejection of the 
jet and relaxation [177]. Another observable phenomenon when comparing 
micro-drip mode to pulsating cone jet mode is that the meniscus of the cone 
during the ejection phase changed from curved generatrix (Figure 5.5a) to a 
convergent one (Figure 5.5b). It is known that the charged droplets are accelerated 
towards the counter electrode. For the micro-dipping mode, the droplet 
detachment zone is limited to the apex of the meniscus. An increase in voltage has 
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the same effect as increasing the resistance encountered when forming the 
electric field , the height of cone tip decreases and the acceleration zone extends 
further toward the base of the cone. In the limit, the cone tip begins at the outlet 
of the needle [178]. Therefore, due to the low conductivity of DMF, the expression 
"convergent jet" used by Mutoh et al. [179] would be more appropriate to 
describe the feature of drop in pulsating-cone jet mode.  
Figure 5.4. Time-series images of the pulsating-cone jet mode (6.0 kV). 
 
                         
Figure 5.5. Meniscus of the micro-dipping mode (a) and the pulsating-cone jet mode (b). 
 
5.3.1.4 Cone-jet mode 
Applied voltage was increased further, and a new mode called cone-jet mode 
occurred. The order of elementary processes in this mode remained similar to the 
pulsating-cone jet mode, however, the shape of each processes changed at 
applied voltages higher than about 7 kV. Figure 5.6 shows the time-series images 
of the oscillation cone-jet mode. The convergent cone was no longer straight, 
0 ms            2 ms             4 ms            8 ms              10 ms         12 ms 
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instead it started to oscillate from side to side. The obliquely elongated cone was 
eventually disrupted into some small droplets. Fine jets appeared at both ends of 
filaments which are difficult to see due to the low lighting (see the enlarged area 
pointed by red arrow). Sources available with higher light levels produced heat 
and were not used as the solvent system is flammable. Time-scale for a filament 
formation and its break up with jet-emission was about 4 ms for each direction, 
resulting in a spray repetition of 250 Hz. The spray pattern for each side was almost 
symmetric.  
Figure 5.6. Time-series high-speed camera images of oscillation cone-jet mode (7 kV). 
Inset: High magnification of the fine jets at the ends of elongated cone. 
 
A similar spray pattern was observed at 8 kV, with both the proportion of fine jets 
and the spray repetition increased (Figure 5.7). More importantly, it is difficult to 
see big droplets indicating that almost all of the CNT dispersion was spayed in fine 
jet above 8 kV. When the voltage was further increased to 10 kV, the oscillation 
cone-jet accompanied with multiple jets appeared at the apex of the meniscus. 
High-speed camera recording at 1000 fps (frames per second) was not sufficient 
to freeze the detailed behaviour of the jet movement when the applied voltage 
was increased above 20 kV. It can be expected however that at the higher voltages 
more small jets will be emitted with higher emission frequencies (Figure 5.8.) [175, 
178].  
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Figure 5.7. High-speed camera images of fine oscillation cone-jet mode and multiple jet 
mode. Inset: High magnification of multiple jets. 
 
Figure 5.8. The number of multiple jets  increased with the applied voltage [178]. 
 
5.3.2 CNT deposition shapes as a function of voltage 
Although the high speed camera images obtained at 1000 fps was not able to 
detect the jet movement at high voltage, the shapes of the resulting spray 
deposition onto papers attached to the metal platform was found to be 
significantly different with each other (Figure 5.9).  At low voltage (5 kV), the 
deposition of CNTs is formed by many big droplets dripping onto paper. With the 
increase of the applied voltage, the size of the primary droplets decreased, 
moreover, jet-emission appeared. At this stage, a big black dot (in the centre) with 
concentric fine CNT deposition (around the centre) is observed. Finally uniform 
deposition could be obtained at about 10 kV. It is well known that high voltage can 
produce more fine jets, however, it can also expand the spray range forcing more 
droplets to fly to the edge of the spray area forming a conical section in the electric 
field space (see deposition at 12.5 kV, Figure 5.9). Multiple jet mode is dominant 
0 ms              2 ms    
8 kV 10 kV 15 kV 
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from 15 kV to 25 kV. It can been seen that the higher the voltages result in a 
smaller deposited area, indicating that smaller jets were emitted. Further increase 
of the applied voltage might hinder the stable cone-jet, and render the spray 
patterns random and unstable (unstable cone-jet). It is reported that the unstable 
cone-jet has asymmetric jet emission [175].  
It should be noted here that the use of a different liquid and different operational 
conditions will likely produce different modes and deposition features in the 
electrospray [175]. As the presence of carbon fibres on the target will change 
things it is important to study the morphologies of CNT deposition on carbon fibre 
surface produced under all applied voltages.  
 
Figure 5.9. Images depicting CNT deposition on papers attached on a metal platform 
(sprayed for 1min with a 5cm distance between the needle and platform). 
 5 kV                                                   7 kV                                                        10 kV              
 12.5 kV                                                15 kV                                                    20 kV             
 25 kV                                                 30 kV 
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5.3.3 Understanding the CNT flight path 
The existence of the electrostatic field determines the initiation and course of the 
electrospray process. The distance between the tips of the needle and the 
collector as well as the type of collectors and their mutual arrangement influence 
the forming process and the character of the electrostatic field [174]. To examine 
these influences, the electric fields at 20 kV/ 10 cm were modelled using the finite 
element method approach of the ANSYS Workbench software. Figure 5.10 depicts 
the electric field profiles obtained with steel platform and carbon fibres as 
collectors.  
      
Figure 5.10. Isopotential contour, panoramic (left) and enlarged area (right): (a) steel 
platform as collector and (b) carbon fibres as collector.  
a 
b 
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Colour scale represents the density of electric field. A uniform electric field was 
produced around the platform collector, as shown in Figure 5.10(a). When carbon 
filaments were added to the electric field model, local electric fields were found 
around the filaments. The field was most intense at the surface of the fibre facing 
the needle while by contrast, a significant weak field formed at the back of fibre 
(Figure 5.10(b)).  
The uniformity of electric field was further confirmed by Figure 5.11, which depicts 
the electric field strength along the working distance in the platform and carbon 
filament collector processes. There is an initial sharp decrease in electric field 
strength moving away from the needle both using platform collector and carbon 
filaments. Then the electric field keep a homogeneous and relatively low strength 
until arriving at the platform, however, the electric field strength increases and 
decreases sharply around carbon fibre, and then returns to a uniform and 
relatively low level until arriving at the platform. The field intensity around the 
carbon fibre is even higher than that near the needle, the initial point. Based upon 
this model, the CNTs are expected to be intensively targeted, and thus coated onto 
the carbon fibre surface, while a lesser amount are deposited in the areas between 
two adjacent carbon fibres. 
Figure 5.11. Electric field strength distribution along the working distance from the needle 
to the collector. 
73 
Another interesting observation is that the electric field intensity around fibre 
changed with the diameter of the fibre. For comparison, simulations were carried 
out with several fibres with different diameters, and the electric field intensities 
are shown in Figure 5.12. The results showed that carbon fibre (Figure 5.12a) has 
a very high electric field intensity, about 1.2e7 V/m, indicating the concentration 
of electric field around carbon fibre is very high. This is because the diameter of 
the carbon fibre is relatively small (d = ~7 μm) and the surface area is large. 
Therefore, once deposited onto the carbon fibre surface, the CNTs could form an 
interphase with one end connected with zero potential and the other interacting 
with the highly positive electrostatic potential of the field. It can be predicted that 
a pulling force will be exerted on the CNTs. As a result, CNTs could be forced to 
point towards the needle and formed a morphology with radial orientation if the 
pulling force is high enough to overcome the bonding force from polymer binder 
and residual solvents. This morphology would be stabilized by the presence of the 
binder in the system once it set. Without the binder the radial orientation would 
be lost and all of the CNTs would lie on the fibre surface once the electric field is 
removed. 
With the increase of fibre diameter, the electric field intensity was found to 
decrease (Figure 5.12b, c and d), and the pulling force on the CNTs will be weaken. 
Therefore, it would be difficult for the CNTs to form a radial orientation if thick 
fibres are used as collectors. 
Figure 5.12. Electric field intensity profiles of (a) carbon fibre and simulated fibres with 
various diameters: (b) 10 μm, (c) 20 μm and (d) 50 μm. 
 
a 
1.2e7 V/m 9.0e6 V/m 4.0e6 V/m
b c 
2.5e6 V/m
d 
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5.3.4 Deposition patterns of CNTs on carbon fibre  
The initial carbon fibre layout at the platform was random by separating one 
carbon fibre bundle as there is potential to see effects of different packing 
densities and geometries all in one experiment. The results show that the surface 
morphologies of CNTs on single and multiple fibres were varying, even when two 
fibres are close to each other. In order to get a better understanding of the whole 
deposition process, single fibre layout will be used initially  to study the effects of 
process parameters on the deposition  of CNTs, and then multiple fibre layouts 
will be studied to provide a more “real-world” comparison.  
 
5.3.4.1 Deposition time (2-20 min) 
SEM micrographs of CNT-modified carbon fibres produced by electrospray were 
recorded as a function of deposition time. The amount of CNTs on the fibre surface 
was found to increase with the increased deposition time. The surface morphology 
of a typical carbon fibre, as evident from the image with few CNTs present, Figure 
5.13a, shows that the surface has many grooves running along the longitudinal 
direction. There is very little deposition of CNTs observed on the surface of the 
carbon fibre sprayed for 2 mins. As the spray time is increased to 5 mins, the 
presence of CNTs on the fibre surface is observed (Figure 5.13(b)). However, the 
density of CNTs is low even in this case. The length of the CNTs observed is found 
to be in the range of 1-2 ʅm, which is consistent with the specs provided by the 
manufacturer. The density of CNTs increases on increasing the deposition time 
further to 10 mins (see, Figure 5.13(c)). Except for thicker deposition, there is no 
significant difference in surface morphology when the deposition time was 
increased to 20 min, shown in Figure 5.13(d). 
The CNTs in all these cases are oriented randomly on the fibre surface. The 
presence of CNTs suggested that ESD is an effective method to form hybrid 
materials. The presence of these CNTs has the potential to improve the interfacial 
adhesion between the fibre and resin matrix. Additionally the quantity and 
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possibly the quality (orientation) of the deposited CNTs can be modified and 
improved by adjusting the ESD process parameters, such as voltage and flow rate. 
       
       
Figure 5.13. SEM micrographs of CNT-modified carbon fibres produced by electrospray 
were recorded as a function of deposition time: (a) 2 min, (b) 5 mins, (c) 10 mins and (d) 
20 mins (at 15 kV voltage and 10 cm distance). 
 
5.3.4.2 Voltage (5-20 kV) 
In the electrospray process a crucial element is the voltage applied the needle and 
thus the solution. Only after attainment of a threshold voltage will fine jet 
formation occur. This voltage induces the necessary charge separation on the 
solution and creates the electric field thus initiating the electrospray process. It 
has been already shown experimentally that the shape of the initiating drop 
changes with spray conditions (voltage, distance, viscosity, and feed rate) [180]. In 
most cases, a higher voltage produces greater stretching force of the solution due 
to the larger columbic forces in the jet as well as a stronger electric field. These 
effects lead to a reduction in the droplet diameter as well as rapid evaporation of 
a b 
c d 
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solvent. Some studies have been carried out to explain possible mechanisms for 
the formation of CNT morphologies observed as aerosols or on glass substrate 
[181, 182]. However, few studies provide a clear understanding, especially with 
respect to CNT deposition on fibres.  
The SEM micrographs of CNT-modified carbon fibres produced by electrospray as 
a function of applied voltage, are shown in Figure 5.14. It can be seen that the 
density of CNT network varies with the different voltages. Due to the weak electric 
field, the droplet size is big and the evaporation speed is slow at low voltage. The 
accumulation of wet CNTs and droplets will flow away from carbon fibre surface 
and drip onto the platform, hence cause the loss of CNTs (see, Figure 5.14(a)). At 
a voltage of 15 kV, the electric field is enough to force most CNTs and binders to 
be coated on the fibre surface (Figure 5.14 (b)). As discussed in the last section, 
further increases in voltage will enlarge the spray range. Therefore, the density of 
nanotube networks per unit area decreased (Figure 5.14(c and d)).  
       
       
Figure 5.14. SEM micrographs of CNT-modified carbon fibres produced by electrospray 
recorded as a function of applied voltage, (a) 10 kV, (b) 15 kV, (c) 20 kV and (d) 30 kV at 
10 cm distance. 
a b 
c d 
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 Another observation that can be drawn from the SEM Micrographs of hybrid 
materials is that almost all CNTs adhere with the tubes parallel to the surface of 
the carbon fibre (maximum surface contact) at low voltage (Figure 5.14(a)). But at 
higher voltage, some CNTs were found to protrude perpendicularly from the fibre 
axis. With increased voltage the number and length of protruding CNTs increased 
(Figure 5.14(b and c)). This is likely caused by one side of some CNTs being pulled 
out by high local electric field before the binder completely set (discussed in Figure 
5.12). The simulation results presented in Table 5.2 indicate that the local electric 
field intensity is in direct proportion to the applied voltage. The surface tension of 
too wet a CNT deposition might be larger than the local electric field produced by 
low voltage, which limited the number of CNTs radiating out from the surface. 
There appears to be less protruding CNTs when the deposition was carried out 30 
kV. This might be associated with the sparser deposition per unit area on the fibre 
surface.  
Table 5.2. Simulated local electric field intensity (Mega volts/m) on the carbon 
fibre surface  
                 Voltage       
Distance 10 kV 15 kV 20 kV 30 kV 
5 cm 9.0 13.5 18.0 27.0 
10 cm 6.0 9.0 12.0 18.0 
15 cm 4.2 6.3 8.4 12.6 
 
5.3.4.3 Distance (10-20 cm) 
The distance between the needle tip and the carbon fibre collector has been 
examined as another approach to control the CNT morphology. The SEM 
micrographs of CNT-modified carbon fibres produced by electrospray as a function 
of distance are shown in Figure 5.15. In this study, it has been found that the effect 
of the needle tip to collector distance on CNT morphology is as significant as other 
parameters. Droplets undergo evaporation when they travel from the 
electrospray needle to the substrate, as a result, become increasingly CNT rich and 
solvent poor. Therefore, drier CNTs is expected to be collected at larger needle-
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substrate distance because droplet flight times can be increased. More compact 
deposition can be obtained at short distance because the CNTs and binders were 
too wet and dense to be pulled outwards although the electric field intensity is 
inversely proportional to spray distance (Table 5.2 and Figure 5.15(a)).  
       
 
Figure 15. SEM micrographs of CNT-modified carbon fibres produced by electrospray 
recorded as a function of distance, (a) 5 cm, (b) 10 cm and (c) 15 cm at 20 kV voltage. 
 
A network with protruding CNTs can be produced by increasing the spray distance 
(Figure 5.15(b)). At a flight distance of 10 cm, most solvent has evaporated when 
the spray arrives at the carbon fibre surface, meanwhile there is a moderate 
electric field intensity helping CNTs to protrude from the fibre surface. At large 
enough collection distances, the solvent will evaporate completely, resulting in the 
deposition of solvent-free material, which is denoted as the “dry” spray limit. Too 
long a distance will also weaken the electric field and the CNTs will not be 
deposited uniformly (Figure 5.15(c)). Moreover, a minimum distance is required 
to give the CNT sufficient time to dry before reaching the carbon fibres, otherwise 
with distances that are either too close or too far, a CNT loss has been observed. 
a b 
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Thus, when considering together with applied voltage, there should be an ideal 
distance between the needle tip and collector which favours the optimum 
evaporation of solvent from the CNT dispersion droplets.  
 
 5.3.4.4 Optimum ratio between voltage and distance 
After many experiments, it was found that an optimum CNT network with uniform 
deposition can be obtained by adjusting voltage and distance properly. We found 
the optimum ratio between voltage and distance is 1.5-2 kV per 1 cm. The surface 
morphologies of the acceptable CNT-coated carbon fibres obtained from SEM are 
shown in Figure 5.16.  
       
       
Figure 5.16. SEM micrographs of CNT-modified carbon fibres produced by optimum 
electrospray process, (a) 10 kV/ 5 cm, (b) 15 kV/ 10 cm, (c) 20 kV/ 10 cm and (d) 30 kV/ 15 
cm. 
 
As discussed above, fine deposition without protruding CNTs can be produced 
under low working distances. But the good range of voltage is narrow because the 
a b 
c d 
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spray feature is relatively sensitive to changes in voltage at short distance. When 
using a 10 cm spray distance, the acceptable range of voltage becomes wide, from 
15 kV to more than 20 kV. However, the range gets narrow again with a further 
increase in distance. This is because the effect of voltage on spray pattern is too 
insensitive. Uniform deposition would be obtained only above 30 kV, however, the 
very large spray range wastes CNTs, and using too high a voltage can cause safety 
issues. 
 
5.3.4.5 Flow rate (0.5 mL/hr., 2 mL/hr., 5 mL/hr. and 10 mL/hr.) 
The influence of feed solution flow rate on electrospray deposition feature can be 
understood in terms of the resulting mean droplet size and film deposition rates. 
Studies have established scaling rules which describe the dependence of droplet 
size D on flow rate Q, and liquid conductivity ɶ as shown in eq 1[17].  
                                             
where ɲ is a constant depending on the fluid's dielectric permittivity, ɸ ŝƐ ƚŚĞ
dielectric constant, ʌ is the density ŽĨ ƚŚĞ ƐŽůǀĞŶƚĂŶĚʍ ŝƐ ƚŚĞ ƐƵƌĨĂĐĞ ƚĞŶƐŝŽŶ. 
Figure 5.17 depicts the effect of solution flow rate (0.5, 2, 5 and 10 mL/hr) on CNT 
deposition morphology. Flow rates beyond 10 mL/hr could not be reliably studied 
due to the larger quantity of solvent in each droplet and the longer flight time 
required to fully remove the solvent by evaporation. The CNTs were well 
deposited in all four cases studied with only slight variations in CNT orientation. 
However, the morphologies and observed surface roughness varied with the 
increase of flow rate as reflected by the increasing heterogeneity in the 
micrographs. At low flow rate the obtained deposition surface is smooth. Almost 
all CNTs are covered by polymer binder. At high flow rates, 2 and 5 mL/hr, some 
CNTs protrude from carbon fibre surface and the deposited binder became rough. 
At the higher rate of 10 mL/hr, less CNTs were found to protrude from the surface, 
however, the surface coating was more uneven due to the roughness of the binder.  
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Figure 5.17. SEM micrographs of CNT-modified carbon fibres produced as a function of 
flow rates, (a) 0.5 mL/hr., (b) 2 ml/hr., (c) 5 ml/hr. and (d) 10 ml/hr. at 20 kV/ 10 cm. 
 
In previous studies, it was reported that changing the flow rate for the feeding 
solution affected not only the overall deposition rate, but also increased the 
amount of residual solvent in the deposited material. That is because the larger 
quantity of solvent stayed in each droplet when it reached to the fibre surface. 
Therefore, a longer flight time is  required to fully remove this solvent by 
evaporation [183, 184]. In order to understand the mechanism of morphology 
forming as a function of flow rate, the schematic diagram (Figure 5.18) of CNTs, 
binder and residual solvent on the fibre surface was created. Residual solvent can 
accelerate the equilibration kinetics of the system through providing the polymer 
binder chains added mobility relative to that in completely dry materials [184]. In 
addition, residual solvent can affect the deposition morphology by modifying the 
wetting interaction of the polymer and CNTs with carbon fibre. We speculate that 
CNTs deposited using low flow rate were covered by several thin polymer layers 
which restricted individual CNT to be pulled out by electric field force (Figure 5.18 
a b 
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(a)). While binder with medium humidity gave freedom to CNTs and allow them 
to orientate radially from the surface of the fibre (Figure 5.18 (b) and (c)). 
Moreover, the rapid transport of the vaporized solvent through the deposited 
material brings about a directional ordering force perpendicular to carbon fibre 
surface, as a result, more vertically aligned CNTs could be obtained. However, if 
deposited material is too wet, CNTs will be confined in the polymer binder and 
solvent (Figure 5.18 (d)).  
 
Figure 5.18. Schematic diagram of CNTs, binder and residual solvent on fibre surface, (a-
d from low to high flow rate). 
 
5.3.4.6 Deposition temperature 
As described earlier, the evaporation rate of residual solvent will affect the 
morphology of the polymer binder and CNTs. The temperature around the carbon 
fibre and platform can possibly alter the transport of the vaporized solvent, hence 
the surface morphology of CNTs. More importantly, it is reported that the kinetic 
balance between relaxation and deposition of the sprayed material is expected to 
underpin the development of ordered morphologies in electrosprayed films [183]. 
For a given rate of deposition determined by the spray process parameters, such 
as applied voltage, distance and flow rate, the relaxation or equilibration of 
deposited materials will be dominated by the diffusivity of the polymer around 
CNTs. This in turn is controlled principally by the substrate temperature.  
Carbon Fibre 
Residual Solvent 
CNTs Binder 
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c d 
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To study this, RIM 935 with hardener, in which curing can initialize at room 
temperature and direct curing occurs at higher temperatures (60 °C to 100 °C), 
was used as binder. A heating stage was utilized under platform connecting carbon 
fibres. Figure 5.19 shows the SEM Micrographs of carbon fibres at different 
deposition temperature. Compared to those obtained at room temperature, more 
CNTs with polymer binder were coated onto carbon fibre filaments at high 
deposition temperatures. At 60 °C, the diameter of resulting carbon fibre (Figure 
5.19(a)) is about twice of that produced at 25 °C (Figure 5.16(a)). Even using a 
voltage to distance ratio of 20 kV/ 5 cm, which is an unacceptable parameter at 
room temperature, uniform coating can be achieved at high temperature (Figure 
5.19(c)). This indicates that the accelerated evaporation of solvent micro-droplets 
produced more space for CNTs and polymer binders, which in turn allowed more 
CNTs with binder to be driven onto the carbon fibre by the electric field.  
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Figure 5.19. SEM micrographs of CNT-modified carbon fibres produced as a function of 
deposition temperature and varying voltage and distance, 10 kV/5 cm at (a) 60oC and (b) 
100oC (Inset: High magnification of surface morphology), 20 kV/5 cm at (c) 60oC and (d) 
100oC, 15 kV/10 cm at (e) 60oC and (f) 100oC, 20 kV/10 cm at (g) 60oC and (h) 100oC.  
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At high voltage, it still can be seen that some CNTs protruded out, but the length 
is shorter than that at low temperature (Figure 5.19(g)). That might be due to the 
presence of more dried polymer reduced the freedom of movement of the CNTs.  
It was also found that the morphologies obtained at 60°C and 10 cm working 
distance (Figure 5.19 (a) (c)) is rougher than those obtained at 5 cm at the same 
temperature (Figure 5.19. (e) (g)). That is because the surface morphology is 
determined by the ability of polymer chains to equilibrate with their surroundings 
via diffusive motion [183]. The epoxy resin might partially cure before arriving at 
the carbon fibre surface if the distance is too long, hence the chain mobility is 
limited.  
Interestingly at higher temperatures, 100 °C, some CNTs with radial orientation 
(Figure 5.19(b)), and irregular shape (Figure 5.19(f)) can be produced on the 
carbon fibre surface at relative low voltage. However, the deposition features 
produced at high voltage were similar with those obtained at 60°C, suggesting that 
the droplet size in the electric field area may play a role in the ordering process at 
high deposition temperature as big droplet would retain some solvent when 
arriving at carbon fibre surface. As discussed above, moderate amounts of wet 
binder gave freedom to CNTs and allow them to protrude from the carbon fibre 
surface. On the other hand, the curing rate of binder will be very fast at 100°C. It 
will become partially cured or even nearly totally cured in the electric field area if 
the distance is high. This might explain the peculiar-looking shapes shown in Figure 
5.19(f). High voltage can generate more tiny binder droplets which contain less 
solvent. As a result, almost all solvent has evaporated, and thus decreased its 
influence on the system. Therefore, it can be postulated that the morphology at 
elevated deposition temperatures is a result of the equilibration between solvent 
evaporation and binder curing. 
 
5.3.4.7 Solvent selectivity 
When repulsive forces between the charges on the droplet surface overcome the 
surface tension fissions occur. Droplets experience Coulomb fission due to solvent 
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evaporation (and thus charge concentration), which will produce numerous 
offspring droplets with much smaller size. In order to study the effect of solvent 
evaporation on surface morphology at constant temperature (25°C), the role of 
solvent selectivity was investigated. Experiments were carried out by 
electrospraying CNTs with epoxy binder for 20 min from acetone (vapour pressure 
at 25oC, Vp = 30.8 kPa), THF (Vp = 21.6 kPa), DMF (Vp = 0.44 kPa) and their mixtures 
(acetone or THF: DMF= 2:3 volume ratio). The dispersions of CNTs in the above 
solvents were prepared using the dispersion method 2 developed in chapter 4. 
First CNTs in DMF were ultrasonicated for 30 minutes followed by centrifugation 
for 30 minutes. The liquid level in the centrifuge tube was marked before the dark-
gray supernatant was carefully decanted. Finally one of the solvents listed above 
along with the epoxy binder were added to the level marked on the tube and the 
MWCNTs were re-suspended by ultrasonication for 30 minutes.  
Using the three pure solvents at a fixed flow rate of 2 mL/hr, it was not possible to 
produce the same morphologies as those prepared by DMF/THF solvent mixture. 
Due to their high vapour pressure, almost all of the acetone and THF evaporated 
before arriving at the carbon fibre surface, which in turn had less effect on the 
obtained surface morphology. One can see that the CNTs were covered by a thick 
layer of binder when using low voltage because almost all of the polymer was 
sprayed onto a small area (Figure 5.20(a) and (c)). Fewer CNTs with radial 
orientation were bonded by thin binder if the spray area was enlarged by using 
high voltages and long distances (Figure 5.20(b) and (d)).  
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Figure 5.20. SEM micrographs of CNT-modified carbon fibres produced from acetone (a) 
and (b), THF (c) and (d), DMF (e) (Inset: High magnification of surface morphology) and (f), 
DMF/acetone (g) and (h) at 10 kV/5 cm and 20 kV/10 cm, respectively.  
 
a b 
c d 
e f 
g h 
88 
 
In contrast, DMF has low vapour pressure, therefore the time for DMF to 
evaporate is not sufficient to completely dry before reaching fibres. As a result, 
spindle-shaped deposition was produced under low voltage (Figure 5.20(e)). Even 
if under high voltage and long distance, the spindle-shaped deposition was 
replaced by uniform one, but the deposition has some holes on surface and looks 
loose compared with those produced by acetone and THF (Figure 5.20(a) and (c)), 
indicating there is still DMF left after coating onto the carbon fibre surface. More 
interestingly, the surface morphologies obtained by DMF/acetone mixture are 
similar with those above by DMF/THF, see Figure 5.20(g) and (h). It appears that 
solvent mixtures with moderate vapour pressures are required in order to obtain 
the desired surface morphologies. While some solvent will evaporate immediately 
at the tip of the needle, and the remainder will keep the CNTs wet and provide 
enough freedom for CNTs and binders when it reaches the carbon fibre surface. 
But to this stage the mechanism is still not understood clearly by our study, which 
will need more work to explore. 
 
5.3.4.8 Other critical factors.  
As discussed above, process parameters and solvent evaporation played a 
significant role on the morphology of the CNT deposition on the carbon fibre 
surface. It was realised that some other critical factors, such as polymer binder 
and carbon fibre layout, may also affect the morphology to some degree.  Epoxy, 
as a cross-linked thermoset polymer, has been used to bond CNTs in the above 
work. In order to study the effect of the interaction between CNTs and polymer 
binder on the surface morphology, the same mass of a linear thermoplastic 
polymer, polyvinylidene fluoride (PVDF) was used as a binder in some experiments. 
Figure 5.21 compares the morphologies obtained from epoxy and PVDF. The CNTs 
sprayed with epoxy are frizzy, which might be caused by the cross-linking reaction 
of the epoxy resin and hardener. Because the reaction happened slowly after all 
materials were deposited on fibre surface, CNT morphology might have secondary 
change. The CNTs sprayed with PVDF are more spread out, with less protruding 
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out from the surface. This is probably because PVDF is rich in hydrogen bonds 
which can offer better interaction with CNTs, hence almost CNTs lie flat on the 
carbon fibre surface even if prepared at high voltage.   
       
Figure 5.21. SEM micrographs of CNT-modified carbon fibres bonded by epoxy resin (a) 
and PVDF (b) at 20 kV/10 cm.  
 
Carbon fibre layout can also affect the morphology. When filaments and fibre 
bundles were put into the same electrostatic field it was found that the amount of 
CNTs on single fibre surface is higher than that on fibre bundle surface, moreover, 
filaments were found to have more CNTs jutting out from the surface than fibre 
bundle (Figure 5.22).  
       
Figure 5.22. SEM micrographs of CNT-modified carbon fibres produced from (a) a filament 
and (b) a bundle.  
 
a b 
a b 
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This is not only because CNTs are evenly split among fibres, but as it was found 
through ANSYS simulation, the local electric field intensity around single fibres is 
much higher than that near a fibre bundles (Figure 5.23) even though the distance 
between single fibres and fibre bundles is only 1 cm, indicating that fibre bundles 
can weaken the local electric field. 
Figure 5.23. Electric field profiles of electrospraying CNTs to a fibre filament and a fibre 
bundle (left), and isopotential contour of enlarged fibre filament and fibre bundle area 
(right). 
 
5.4 Conclusions 
It has been demonstrated that electrospray atomization can be used as a novel 
and flexible tool for the continuous deposition of CNT onto carbon fibre surfaces.  
Firstly, the study in this chapter observed the time-resolved fine structure of the 
positive electrospray of CNT dispersions by using a high-speed camera. 
Furthermore, the formation mechanism of different spray patterns produced by 
5.0e6 V/m 
1.7 e6 V/m 
1.2e7 V/m 
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various spray modes were investigated. The main findings in this study can be 
summarized as follows. 
(1) Applied voltage is a critical factor in determining the mode of electrospray. 
Spray modes observed in this study include dripping, micro-dripping, 
pulsating-cone jet and cone-jet. Each spray mode contained several 
elementary steps, which repeated regularly in time. Coulomb fission and 
secondary jet-emission were also observed but their contributions in the 
droplet formation were not significant in the area of this study, but they 
are expected to influence the droplet size in the whole electric field. 
(2) The resulting deposition images on the platform clearly indicated how 
deposition shapes are produced in each spray mode. It should also be 
noted that different liquids (solvents) and operational conditions may 
produce different modes and deposition features in the electrospray. As 
the presence of carbon fibres on the target will change local electric field 
distribution it is important to study the morphologies of CNT deposition on 
carbon fibre surface produced under all of these voltages. 
Through electric field simulation, results were obtained which were consistent 
with the experimental phenomenon. The electric field profile using carbon 
filaments as collectors shows concentrated electric field around the fibre areas. 
The distribution of the electrostatic field was determined and its understanding 
lead intuitively to the possible flight route of CNTs as well as a pull force active at 
the point of deposition onto the carbon fibre surface.  
Moreover, parametric studies conducted with CNT/Epoxy resin binder in DMF/THF 
show that both voltage and distance play an important role in determining the 
CNT morphology as it mediates the anchoring strength and electric field force, 
which result in either parallel or perpendicular morphologies at the surface of 
carbon fibre. The feed solution flow rate and the substrate temperature can 
determine the droplet size and solvent evaporation rate, respectively. It was 
observed that a wide temperature window of 20 to 60oC and flow rate range from 
2 mL/h to 5 mL/h resulted in well-formed microstructures in the deposited CNTs. 
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But some interesting structures can be obtained at higher temperatures due to 
the quick curing of the binder. The interaction between CNTs and varying binders 
might affect the morphology on carbon fibre surface. The relative ease with which 
the spray parameters can be tuned suggests that electrospray may offer a versatile 
approach for continuous deposition or “growth” of CNTs, conceivably with 
reliability over the orientation of the microstructure, as mediated by solvent 
evaporation and other factors such as binder properties and fibre layout. Such a 
development would be broadly enabling for hierarchical structure applications of 
CNTs. 
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CHAPTER SIX 
6 Carbon Nanotubes Coated Carbon 
Fibre: Interfacial Characterization and 
Reinforcing Mechanism Understanding 
 
6.1 Introduction 
The mechanical behaviour of composites is determined not only by the properties 
of the constituent materials, but also by the characteristics of the interface and 
interphase between the constituents as well. The load in continuous fibre-
reinforced composites, is transferred from the matrix to the fibre through shear. 
With poor interfacial bonding strength, less shear stress is capable of being 
transferred to the fibre, creating a weaker, less efficient composite.  
Either parallel or perpendicular morphologies at the carbon fibre surface have 
been prepared by a wide variety of process parameters of electrospray. The 
produced hierarchical (or hybrid or nanostructured or multiscale) structures have 
been proved to be an effective method to improve the performance of carbon 
fibre in composite. That is because this kind of structures have capability to 
increase fibre surface area, create more mechanical interlocking, and/or local 
stiffening at the fibre/matrix interface, all of which may improve stress transfer 
and interfacial properties. Moreover specific nanoscale effects on the ‘bulk’ 
polymer properties are also possible. 
This chapter investigates the fibre tensile strength and modulus of CNT coated 
fibres using the single-fibre tensile test. These results are then compared to those 
of “as-received” carbon fibres in an effort to determine if the mechanical 
properties of the fibre had been affected by introducing the CNTs and more 
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importantly, by the electrospray process itself. In addition, the effect of the 
presence as well as the orientation of CNTs on the interfacial shear strength of 
CNT coated carbon fibres is studied using the single-fibre fragmentation test (SFFT). 
The interfacial shear strength (IFSS) is calculated using the Kelly–Tyson method. 
Finally, the interfacial reinforcing mechanism was explored by analysing the 
surface morphology of the carbon fibres, the wettability between the carbon 
fibres and the epoxy resin, the roughness and coefficient of friction, and 
fractographic observation of cross sections of the composites. 
 
6.2 Experimental Method  
6.2.1 Single fibre tensile test 
It is widely accepted that typical brittle materials, including carbon fibre, exhibit a 
size effect whereby shorter fibres give higher tensile strength measurements. This 
is because the presence of defects in the surface or body of carbon fibre caused 
by the manufacturing process, handling, and environmental effects determines 
the weak point of fibre. When structure defects are consistent and evenly 
distributed, samples will behave more uniformly than when defects are clustered. 
Therefore, describing the strength of the brittle material must take into account 
the distribution of structure defects. For this reason, the best way to represent 
brittle material strength should be a distribution of values rather than one specific 
value. A Weibull distribution is capable of mapping the probability of failure of a 
component at varying stresses, and can be used as a good representation of fibre 
strength distribution [185].  
Weibull plots for each carbon fibre type were produced using a two-dimensional 
Weibull statistical method [186], which is given by: 
                                           ிܲ = 1െ exp [െ ௅௅బ ቀ
ఙ೑
ఙబቁ
௠೑
], … … … … … … … … … … (1)   
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where ிܲ is the cumulative probability of failure of a carbon fibre of length L at 
applied tensile strength ߪ௙, ݉௙ is the Weibull modulus (Weibull shape parameter) 
of the carbon fibre, ߪ଴ a Weibull scale parameter (characteristic stress), and ܮ଴ a 
reference gauge length. The cumulative probability of failure, ிܲ , under a 
particular stress is given by 
ிܲ =
݅
݊ + 1 … … … … … … … … … . . … … … … … … . (2) 
where ݅ is the number of fibres that have broken at or below a stress level and ݊ 
is the total number of fibres tested. Rearrangement of the two-parameter Weibull 
statistical distribution expression (Eq. 1) gives the following: 
ln (ln ൤ 1
1 െ ிܲ൨) = ݉௙ ln൫ߪ௙൯ െ ݉௙ln (ߪ଴ ൬
ܮ଴
ܮ ൰
ଵ
௠೑
) … … … … … (3) 
Hence the Weibull modulus, mf can be obtained by linear regression from a 
Weibull plot of Eq. (3). 
 
6.2.2 Single fibre fragmentation test 
The single-fibre fragmentation test has been widely used within the literature as 
the most popular micromechanical technique to characterize the interfacial shear 
strength of a fibre embedded within a polymer matrix [15, 115, 187-189]. This 
technique involves embedding a filament in a dogbone shaped matrix coupon and 
applying a tensile load. The tensile load transfers from the matrix to the fibre 
through shear stress at the interface, causing the fibre to elongate. As the applied 
tensile strain increases, the embedded fibre begins to fragment, failing at its 
weakest points. This phenomenon is known as multiple fibre fracture [187]. 
Continued application of strain results in further fragmentation until all the 
fragments are too short to transfer enough load to create sufficient tensile stress 
to break the fibre (saturation stage). The shortest fibre length that can fracture on 
application of load is defined as the critical fibre length. By assuming the interfacial 
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shear stress is constant, apparent shear strength at the interface (߬ூிௌௌ ) was 
estimated from the Kelly-Tyson model [190] which is given by: 
  
 
 
 
where ݀௙ is the fibre diameter, ݈௖ is the critical fragment length of the fibre, which 
can be obtained from the mean fibre fragment length ݈ at saturation (Figure 6.1) 
and ߪ௙ is the fibre strength at the critical fragment length. Most past work have 
used a simple weakest-link scaling relationship of the form, ߪ௙ = ߪ଴( ௟௟బ )
షభ
ഐ  to 
extrapolate the scale parameter to other gauge lengths [191]. In this equation ߪ଴ 
is the measured mean fibre tensile strength from tensile tests, ݈଴  is the fibre 
length used in the tensile tests and ʌ is the Weibull shape parameter determined 
from the tensile test results. 
 
Figure 6.1. Schematic of saturated specimen 
 
          ߬ூிௌௌ = ఙ೑ௗ೑ଶ௟೎ … … … … … … … … … … … . . (5)  
                ݈௖ = రయ݈… … … … … … … … … … … . . (6)  
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6.3 Result and Discussion 
6.3.1 Fibre tensile results 
Upon confirmation of surface morphologies (see Chapter 5), the tensile strength 
of the fibres was evaluated. Individual fibres from two CNT coated samples were 
analysed for tensile strength (standardized using linear density (Table 6.1 – column 
2)) and compared to control samples of oxidized CF and sized CF. The fibre tensile 
results clearly demonstrate the effect on which surface treatment plays a role in 
tensile properties of fibres. Sized CF has a similar tensile strength and modulus to 
that of oxidised CF. A t-test at the 0.05 confidence level shows that the oxidised 
carbon fibres (21.8±3.6 cN/dtex) were not affected significantly after being coated 
by the CNTs and binder (21.4±3.8 cN/dtex) at room temperature. It worth noting 
that both linear density and tensile force increased by about 3.5%. This might be 
because CNT deposition on the fibre surface is bearing additional force.  
 
Table 6.1 Measured physical and mechanical properties of single fibre specimens. 
Fibre type Diameter (μm) 
Linear 
Density 
(dtex) 
Tensile 
Force 
(cN) 
Tensile 
strength 
(cN/dtex) 
Tensile 
strength 
(GPa) 
Oxidised CF 7.2 0.78±0.12 16.9±3.6 21.8±3.6 4.15±0.88 
Sized CF 7.2 0.75±0.09 16.3±2.8 21.7±3.4 4.01±0.69 
CNT - oxidised CF at 
RT (Figure 5.16 (c)) 7.5 0.81±0.09 17.5±3.8 21.4±3.8 4.30±0.93 
CNT - oxidised CF at 
100oC (Figure 5.19 (f)) 20.0 1.44±0.94 17.0±3.4 16.3±10.2 4.18±0.84 
 
Comparing the carbon fibre modified by nanotubes at room temperature, the 
results above shows that the sample prepared at 100oC has very different 
properties. As discussed in the last chapter, the fibre diameter increased 
remarkably due to the accelerated evaporation of solvent micro-droplets, as a 
result, the linear density of fibre increased by 84.6%, but with a large standard 
deviation. Although the t-test at the 0.05 confidence level shows its tensile force 
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is  not statistically different to the other three samples, the tensile strength and 
modulus decreased dramatically mainly due to the high fluctuation of linear 
density.  
The CNT deposition prepared using appropriate electrospray parameters does not 
damage the mechanical properties of the carbon fibre, however, heterogeneous 
thick coating of CNTs will impact the uniformity of tensile strength distributions 
standardized using the linear density. On the other hand, the CF is the only 
dominant bearer of stress when considering this kind of hybrid structure.  
Therefore, the stress determined using the force/area formula would be more 
suitable for calculating IFSS. Assuming the diameter of the carbon fibre is constant 
before and after CNT deposition, the resulted tensile strength and the related 
Weibull plots are shown in Figure 6.2. 
 
Figure 6.2. Weibull plots of CF tensile strength. The slopes of the linear curves denote 
the Weibull shape parameter for that surface treatment. 
 
The results above shows that the sized fibre has the highest Weibull modulus, 
indicating a more uniform strength distribution and less flaws on the surface of 
the carbon fibre. This might be because the sizing has prevented damage being 
introduced during the bundling and as well as during the removal of individual 
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filaments from tows for testing. Moreover, sizing is one of the candidate coating 
materials that might heal the surfaces of carbon fibres, hence improving the 
strength distribution of the fibre [11, 192]. The slight increase of Weibull modulus 
caused by CNT coating demonstrated that the electrosprayed CNTs with polymer 
binders may have a similar effect to heal some evident fibre surface flaws. Most 
importantly, it shows that electrospraying CNTs is a useful technique to produce 
hybrid structures without leading more weak points to the carbon fibre surface. 
 
6.3.2 Influence of deposited CNTs on interfacial bonding of 
single-fibre composite 
To assess the influence of CNT deposition on interfacial bonding, the IFSS of carbon 
fibres in an epoxy matrix is determined by means of SFFT. The morphology 
associated with the fibre breaks can offer valuable clues regarding the interface 
strength [35]. A stronger bond between fibre and matrix usually results in a shorter 
critical fragment length. Furthermore, aspects such as the shape of fibre breaks 
and the debonding characteristics between fibre and matrix can provide a wide 
range of information about the adhesion for a test specimen [36]. The coloured 
pattern around the fibre crack region observed under crossed polars, which is 
called the birefringence, or photoelastic pattern, is caused by the interfacial shear 
and frictional stresses and strains at the interface [37].  
Six typical surface morphologies produced under varying times were chosen to 
study the effect of CNT deposition on the interfacial properties of CF in composites. 
The calculation of SFFT was carried out for each specimen which reached a 
saturation state using the equations for the shear stress, ߬ூிௌௌ , and the critical 
length, ݈௖, as described previously (eq 5 and 6), and the measured data are given 
in Figure 6.3.  
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  Figure 6.3. Interfacial shear strength of CNT-coated carbon fibre as a function of CNT 
deposition time under different parameters. 
 
It shows that not every kind of morphology can improve the IFSS, even some 
would weaken the interfacial properties. The CNT deposition morphologies shown 
in Figure 6.3a and 6.3c, cannot improve the IFSS. The surface morphology of both 
sample are randomly orientated, and they might not be able to transfer stress 
effectively. The IFSS of fibre decreased with the increase of CNT deposition 
amount. When coating CNTs onto CF under 10 kV/ 5 cm for more than 20 mins, no 
obvious stress yielding happened along fibre surface, indicating a very poor 
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interfacial bonding between the CF and the matrix. It might be because the density 
of CNTs on the fibre surface increases to the extent that interlocking of the CNTs 
with the polymer matrix is no longer possible. Too thick a deposition causes lower 
interaction between the CNTs and the polymer, weakening the composite. 
Another possible and perhaps supplementary reason for the reduction in strength 
of the composite with growth time could be that a high surface density of CNTs 
discourages interlocking between CNTs and the polymer while the thickness of 
interphase encourages failure from the contact point between CF and CNTs[193]. 
Another morphology chosen for analysing IFSS is primarily perpendicular to the 
fibre axis, as shown in Figure 6.3(b), (d), (e) and (f). It worth noting that the 
morphology produced using 20 kV/ 10 cm at room temperature gives rise to a 
significant increase of the IFSS (about 47%) for the CF composite. However, when 
the deposition time is increased to 20 mins, interestingly, the IFSS decreases 
abruptly. It may be because the number of radial CNTs is low, and the interlocking 
ability is not high enough when the deposition thickness is increased. The 
morphology produced using 10 kV/ 5 cm at 100oC exhibits a similar trend (Figure 
6.3(e)). The IFSS was improved by 62% by using a CNT deposition time of 10 mins, 
however it decreased by 41% if the deposition time was increased to 20 mins due 
to a too thick interphase, even though there were more long radial CNTs. More 
interestingly, the samples prepared using 20 kV/ 10 cm at 60 and 100 oC with 
deposition times up to 20 mins have the highest IFSS (Figure 6.3(d) and (f)). 
Particularly, the IFSS of the 20 min CNT-coated CF at 100oC was enhance by 124%. 
Compared to the sample produced using 10 kV/ 5 cm, the increase in the thickness 
of the interphase prepared using 20 kV/ 10 cm is not significant. As a result the 
negative influence of interphase thickness on IFSS is limited. More importantly, it 
seems that temperature can affect the bonding properties of the binder. A quick 
and direct curing (at 100oC) may sustain the CNT morphology as well as offer a 
better bonding between CNTs and CF. In order to understand the interfacial 
reinforcing mechanism of the above surface morphologies, three typical samples 
were chosen to study further: (1) 10 min CNT-coating by 20 kV/ 10 cm, 25oC, (2) 
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10 min CNT-coating by 10 kV/ 5 cm, 100oC and (3) 20 min CNT-coating by 20 kV/ 
10 cm, 100oC. 
Figure 6.4 demonstrates the photoelastic effects of the single fibre fragments in 
composites. The resulting birefringence in the fragment regions shows that the 
composite specimens with the CNT deposited fibre exhibit shorter fragment 
lengths than those with the “as-received” carbon fibres. These results are 
consistent with those of the measured IFSS, demonstrating that the CNT-
deposition process significantly improves fibre/matrix interfacial adhesion. 
 
 
Figure 6.4. Overall view (left) and fibre break point (right) of the birefringent stress 
patterns observed for single fibre composite: (a) “as-received”  CF, (b) 10 min CNT-coated 
CF by 20 kV/ 10 cm, 25oC, (c) 10 min CNT-coated CF by 10 kV/ 5 cm, 100oC and (d) 20 min 
CNT-coated CF by 20 kV/ 10 cm, 100oC. 
 
Photoelastic observations of the “as-received” fibres near the fibre breaks show a 
thin, flat region of birefringence followed by a bulge of birefringence (Figure 
6.4(a)). This kind of birefringent behaviour indicates low fibre–matrix adhesion. 
The CNT-deposited fibre breakages produce obvious bright ellipsoidal regions 
because of the high shear stresses at the fibre ends, especially in Figure 6c and 6d. 
This is a consequence of a strong interface because more CNTs perpendicular to 
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the fibre can be produced at high temperature. More importantly, by focusing on 
the fibre break points (right panels), the composite prepared from the “as-
received” fibre (Figure 6.4(a) right) exhibited obvious large break gaps and 
significant interface debonding areas. Both of these could result from loosely 
bonded or weak interfaces. While the composites from CNT-coated fibres shows 
small break gaps,  matrix cracks perpendicular to the fibre and between adjacent 
fragment ends were created by CNT-deposited fibre breakages due to the high 
shear stresses at the fibre ends (Figure 6.4(d)). 
 
6.3.3 Interfacial reinforcing mechanism 
As mentioned above, significant improvements in IFSS for CNT-coated carbon fibre 
composites are obtained compared to the “as-received” carbon fibre composites. 
Some CNT reinforcing mechanisms are proposed for explaining the interfacial 
improvement of fibre/polymer composite [89, 115, 121, 132, 193-196]. These 
interfacial reinforcing mechanisms can be summarized as five aspects: (1) Van der 
Waals bonding due to increased surface area of fibre, (2) good surface wettability 
of fibre by the polymer due to the improved surface roughness, (3) chemical 
bonding between CNTs and the bulk materials including the fibre and matrix, (4) 
mechanical interlocking of CNTs with matrix, and (5) local stiffening or 
strengthening of the polymer matrix near fibre/matrix interface. 
Based on the results of the morphology of the CNT-coated fibre surface, Van der 
Waals bonding force and mechanical interlocking with the matrix increasing the 
interfacial friction and restricting the movement of the different phase of the 
materials at the composite interface are believed to play important roles in the 
interfacial improvement. Additionally, the wettability of this hybrid material with 
polymer should be noted, and the interaction among CF, CNTs and matrix needs 
to be considered.  In order to gain a deeper understand about the interfacial 
reinforcing mechanism by comparing those three samples, the resulting 
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wettability, roughness, friction, surface energy and fracture mechanism were 
investigated. 
 
6.3.3.1 Wettability  
Typical micrographs of resin droplets formed on the “as-received” and CNT-coated 
carbon fibres (Figure 6.5) all show barrel-type droplets, which is the preferred 
configuration when the contact angle is relatively small [129]. It is reported that 
axially symmetric, barrel-type polymer droplets are usually formed on fibres which 
have good wettability by the polymer on account of the geometrical constraints 
of a Laplace ellipsoid on a cylindrical fibre [197, 198]. The contact angle decreased 
remarkably after the deposition of the CNTs indicating good wettability by the 
resin. It is proposed that CNT deposition gave rise to a significant increase in 
surface area indicating that the roughness of the pristine carbon fibres surface 
might be increased by this process. The presence of the epoxy binder may also 
influence the contact angle measurements as a result of the change in the 
chemical nature of the fibre surface. But it is worth noting that varying CNT 
morphologies have different capability of affecting the wettability with resin, and 
the related increased IFSS correlated well with the reduced direct wetting contact 
angles (Figure 6.6). 
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 Figure 6.5. Optical micrographs of typical epoxy resin droplets formed on: (a) as-received 
CF, (b) 10 min CNT-coated CF by 20 kV/ 10 cm, 25oC, (c) 10 min CNT-coated CF by 10 kV/ 
5 cm, 100oC and (d) 20 min CNT-coated CF by 20 kV/ 10 cm, 100oC.  
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 Figure 6.6. Apparent IFSS plotted as a function of contact angle. 
 
6.3.3.2 Roughness and friction 
The AFM topographic images of different carbon fibres are presented in Figure 6.7, 
and the corresponding roughness parameters, Ra, derived from the AFM scans are 
shown in Table 6.2. As shown in Figure 6.7a, the surface of the raw carbon fibre 
seems to be relatively neat and smooth with a few parallel narrow grooves 
distributed along the longitudinal direction of the fibre which are because of the 
fibre manufacture process. Compared with the untreated carbon fibre, the fibre 
surface becomes rougher after CNT deposition and the grooves are enveloped by 
a layer of uniform CNTs (Figure 6.7 b, c and d). In addition, obvious increases (up 
to 82%, 97% and 120%, respectively) in surface roughness are observed for the 
CNT-coated carbon fibre prepared under three different sets of parameters. 
Comparing the changes in the contact angle with the changes in Ra, it seems that 
surface roughness is a crucial factor in the wettability of the CNT-coated carbon 
fibres. More importantly, the increased roughness can provide more contact 
points and enhance the mechanical interlocking between the fibre and the matrix, 
and thus improve the interfacial properties of carbon fibre in the resulting 
composites. 
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Table 6.2 The surface roughness and friction of the corresponding carbon fibre. 
Fibre type As-received 
CF 
10 min CNT-
coated CF by 20 
kV/ 10 cm, 25oC 
10 min CNT-
coated CF by 10 
kV/ 5 cm, 100oC 
20 min CNT-
coated CF by 20 
kV/ 10 cm, 100oC 
Roughness 
(Ra/nm) 19.06±6.43 34.66±9.62 37.52±5.00 42.01±6.28 
Friction  
(cN) 0.195±0.0039 0.209±0.0090 0.242±0.0211 0.294±0.0508 
 
 
 
 
Figure 6.7. AFM topographical images of different fibers: (a) as-received CF, (b) 10 min 
CNT-coated CF by 20 kV/ 10 cm, 25oC, (c) 10 min CNT-coated CF by 10 kV/ 5 cm, 100oC 
and (d) 20 min CNT-coated CF by 20 kV/ 10 cm, 100oC. 
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The friction of fibres is known to have an important influence on fibre–matrix 
interaction, which in turn can determine the overall performance properties of 
composites [199]. The coefficient of friction along the fibre was investigated and 
is shown in Table 6.2. As can be seen for both fibre samples produced at 100oC, 
the CNT deposition resulted in a statistically significant increase in the coefficient 
of friction. This was not unexpected as the coated CNTs on the CF increased the 
surface roughness which results in an increase in friction. 
 
6.3.3.3 BET surface area and surface energy analysis 
The Brunauer–Emmet–Teller (BET) surface area is based on the physical 
adsorption of a vapour or gas onto the surface of a solid. Traditionally, sorption 
studies were carried out at low temperatures so as to obtain nitrogen isotherms 
at 77 K, which were then used to calculate BET surface areas [200, 201]. However, 
the behaviour of materials varies with temperature, hence measurements at 
ambient temperatures may be more relevant and truer to reflect the surface area 
of materials. Moreover, the choice of gases and vapours would be more diverse. 
Inverse Gas Chromatography (IGC) has been demonstrated in literatures as a 
convenient technique to determine isotherms at finite concentration and ambient 
temperatures, using organic probe molecules [202, 203]. The BET surface area of 
each sample in this work was calculated from octane adsorption isotherms (Figure 
6.8.). It was found that the BET surface areas of CFs increased significantly (P < 
0.05) when CNTs were coated onto the CF surface. It is not surprising as CNTs have 
a much higher specific surface area (> 250 m2/g) than carbon fibres. The improved 
surface area is useful to enhance the Van der Waals bonding with matrix. 
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 Figure 6.8. Comparison of BET surface areas of “as-received” CF and CNT-coated CF. 
 
The quality and performance of carbon fibre composites depends strongly on the 
interaction of the components at their interface. In order to enhance the adhesion 
properties at the interface, surface treatment to fibre is the most effective 
approach. Fibre-polymer matrix interactions in composite are typically described 
by adhesion and cohesion phenomena. Both properties depend on the energetic 
situation on the surface of the materials which is commonly expressed by the 
surface energy. In this study surface energies of carbon fibres before and after CNT 
deposition have been determined by Inverse Gas Chromatography. 
When carrying out IGC–SEA at finite concentration conditions, the probe molecule 
will preferentially attach to the most reactive sites, the measured surface energy 
as a function of fractional surface coverage reveals information about the range 
of the surface energies of the different sites on the sample. The technique thus 
provides graphs of surface energy, dispersive, specific or acid–base, and total, as 
a function of surface coverage. An energetically homogeneous surface is indicated 
by a completely flat line. What is more commonly observed is an exponentially 
decaying surface energy function which is indicative of surface heterogeneity. The 
extent of heterogeneity can be assessed in terms of the range of energies (the pre-
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exponential factor, A) as well as the fraction of the surface over which the decline 
occurs (proportional to the decay constant, t). From the exponential equation of 
fit the maximum (y0 + A) as well as y(1) , the average surface energy of the whole 
sample (fractional coverage of 1), are also obtained.  
The total surface energy ( ߛௌ் ) profiles for the fibres before and after CNT 
deposition are shown in Figure 6.9 and the range and decay constants are shown 
in Table 6.3. It can be clearly observed that CNT deposition affected the surface 
energy of CFs significantly. The surface energy of the raw fibre varies from a 
minimum average value of 60 mJ/m2 to a maximum of 142 mJ/m2. However, after 
CNT deposition, the surface energy increased with a range from 85 to 220 mJ/m2 
indicating the CNT-coated fibres are energetically more active. From Figure 6.9, it 
also shows differences in the rate of decay of the curves, as reflected by the decay 
constants in Table 6.3. The surface energy for the raw oxidised fibres exhibit 
surface heterogeneity over a much larger portion of the fibre surface, more than 
30%. This means that more than 30% of the sites have surface energy values 
significantly different from the rest, suggesting the interfacial properties of raw 
CFs are not constant. By comparison, the CNT-coated fibres drops relatively rapidly 
and then stabilises at a relatively constant value after a fractional surface coverage 
of approximately 0.15, indicating the surface of fibre got more uniform after CNT 
deposition.  
 
 
 
111 
 
 Figure 6.9. Total surface energy,ߛௌ் , for the oxidised carbon fibre before and after CNT 
deposition as a function of surface coverage. 
 
Table 6.3 Parameters from fitting the exponential decay function, y = y0 + Aex/t, to 
the surface energy data of carbon fibres with and without CNT conditioned at 
30oC.  
 
Energy 
Type 
Sample 
 
Energy (mJ/m2) Decay 
Constant (t) Maximum Range (A) Average y(1) 
Dispersive As received CF 90.05 48.01 42.04 0.071 CNT-coated CF 119.53 65.71 53.82 0.036 
Specific As received CF 52.73 34.44 18.29 0.064 CNT-coated CF 101.23 69.96 31.27 0.041 
Total As received CF 142.75 82.40 60.35 0.068 CNT-coated CF 220.79 135.61 85.18 0.038 
 
The total surface energy is made up of the dispersive (non-polar) interactions, ߛௌ஽ , 
and the specific (acid–base or polar) contributions, ߛௌ஺஻. From Figure.6.10, it can 
be seen that the raw oxidised fibre is heterogeneous in both dispersive and acid–
base surface energies. After CNT deposition, both dispersive and specific surface 
energy at all surface coverages were improved by 28% and 71%, respectively. The 
increased dispersive surface energy might be due to the increased roughness, 
surface area and CNT’s higher surface energy [204]. The specific surface energy 
has improved mainly because some binder has been coated onto the fibre surface.  
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Figure 6.10. Comparison of dispersive surface energy, ߛௌ஽ , and specific surface energy, 
ߛௌ஺஻, for the “as-received” CF and CNT-coated CF as a function of surface coverage. 
 
6.3.3.4 Fractographic analysis 
Finally the detailed fracture mechanism that take place in CNT reinforced 
hierarchical composites under tensile loading was investigated through SEM 
characterizations. Figure 6.11 presents typical SEM Micrographs of the fracture 
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morphology before and after CNT coating. Figure 6.11a shows the fractographs of 
as received CF composite. Long fibre pull-out is clearly observed in the form of 
remaining fibre portions in the matrix. Figure 6.11b, c and d shows the 
fractographs of the CNT coated carbon fibre-reinforced epoxy matrix composite 
at different magnifications. The CNT/CF hybrids cannot be readily pulled out from 
the composites compared with the bare CFs, because the CNTs immobilized on 
CFs would be fixed in epoxy resin, which increases the binding energy between 
the hybrids and the surrounding matrix. In addition to relative short fibre pullouts, 
the formation of CNT reinforcing the matrix between fibres is also evident. This 
indicates that CNT deposition prevented the development of debonding areas, 
hence improved the stress transfer and interfacial shear strength.  
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Figure 6.11. Fracture morphology of single fibre-composite fragmentation tests: (a) as 
received CF, (b) 10 min CNT-coated CF by 20 kV/ 10 cm, 25oC, (c) 10 min CNT-coated CF 
using 10 kV/ 5 cm, 100oC and (d) 20 min CNT-coated CF by 20 kV/ 10 cm, 100oC. 
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It should be noted that an obvious crack appears at the joint between the matrix 
and the “as-received” carbon fibre indicating the fracture planes initiated at the 
interface between fibre and matrix (Figure 6.11a right). However, the fracture 
surface of the composites with CNT-coated fibres (Figure 6.11b-d right) presented 
completely different morphologies. Relative small cracks appeared at the joint of 
fibre and CNT interphase indicating that the CNTs have a higher adhesion force 
with the matrix and the fracture planes initiated at the interface between CNTs 
and fibre. This observation suggests that the fracture mode of carbon fibre/ epoxy 
composites is affected by CNT deposition. When observing the morphology of the 
CNT interphase close to the CF side in more details, the sample made using 20 kV/ 
10 cm at 25 oC has a smooth surface, and most CNTs are at the matrix side. It 
suggests that the binder tended to flow to the CF surface once coated at low 
temperature, and CNTs were pulled away from fibre by the electric field. For the 
sample made at high temperature, the binder cured quickly, hence fixing the CNTs 
to CF surface. As a result, the surface of CNT interphase near the CF side is rougher 
than that produced at low temperature. Besides offering effective bonding from 
binders, CNTs next to CFs can further prevent fibre slipping in the matrix under the 
applied tensile load. 
 
6.4 Conclusions 
CNT-coated carbon fibres were fabricated using an electrospray method which 
resulted in a multi-scale hierarchal structure without any decrease in the fibre 
tensile strength. Furthermore, Weibull modulus investigation showed CNT 
deposition, particularly by the electrospray process, did not lead to more weak 
points as compared to the untreated fibres. The results suggest that electrospray 
is an effective method to form CNT/carbon fibre hybrid multi-scale composites. 
After CNT deposition, the interfacial shear strengths of the carbon fibre/epoxy 
composites are improved as shown by single-fibre composite fragmentation tests, 
especially for the fibres prepared using potential differences to target distance 
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ratios of 10 kV/ 5 cm at 100 oC and by 20 kV/ 10 cm at room temperature and 100 
oC. Moreover, the obvious large break gaps and interfacial debonding areas of the 
composite prepared from as received fibres are reduced significantly by CNT 
deposition due to the higher shear stresses at the fibre ends.  
In order to gain a deeper understand about the interfacial reinforcing mechanism 
of CNT deposition, the resulted fibre wettability, roughness, friction, surface 
energy and fracture mechanism were investigated. Contact angle measurements 
demonstrate that CNT deposition resulted in good wettability by the resin and 
correlated well with the IFSS results. Significant increase of roughness, friction and 
BET surface area were found as well after CNT deposition, especially for the 
sample prepared by 20 kV/ 10 cm at 100 oC.  
The surface energies of carbon fibres before and after CNT deposition were 
determined by Inverse Gas Chromatography to understand fibre-matrix 
interactions, typically described by adhesion and cohesion phenomena. The result 
showed that the improved interaction between CNTs and matrix is mainly due to 
the increased dispersive surface energy from the CNTs and the increased acid-base 
surface energy from the polymer binder.  
Finally, the fractographic analysis strongly demonstrated that the length of fibre 
pull-out and the size of cracks between fibre and matrix were decreased distinctly 
by CNT coatings, indicating the stress transfer and interfacial shear strength have 
been improved. Moreover, the fracture mode of carbon fibre/ epoxy composites 
is affected by the CNT deposition. The fracture planes initiated at the interface 
between CNTs and fibre rather than at the interface among CNTs and matrix. After 
deeper analysis, the role of interfacial properties of the CNTs close to the CF 
surface was understood scientifically. It is also worth noting that the weak point 
happened at the interface between CNT and CF, and further higher improvement 
could be obtained by using better binders to connect the CNTs and CF. 
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CHAPTER SEVEN 
7 Conclusions and Future Research 
 
7.1 Conclusions 
The work in this thesis explored a novel method to prepare CNT-coated carbon 
fibre by electrospray deposition and assessed its potential for use in high 
performance composite materials. In this process, a comparison of CNT 
dispersions in an organic solvent using traditional method and a new method has 
been made. The performance of CNT dispersions in an electric field was 
investigated through high speed camera and computer simulation, which provide 
the foundation for understanding the CNT deposition morphologies obtained 
during electrospray. The major outcomes of this work from each research chapter 
are summarised below. 
In Chapter 4, a comparison method was used to better understand the conditions 
required for the optimal surfactant assisted dispersion of MWCNTs in an organic 
solvent. The significant findings were: 
I. The method combining ultrasonication and centrifugation produced more 
stable dispersions with higher CNT contents compared to dispersions 
produced by ultrasonication alone.  
 
II. The dispersion mechanism study revealed that the centrifugation step 
separated highly defective nanotubes as well as amorphous carbon from 
the CNTs with l. The superior stability of the dispersions produced by this 
new method can be attributed to the elimination of these materials. 
Ultimately CNTs with less defects remain in the dispersion. 
 
III. The understanding of the interactions between surfactant, defective CNTs 
and less defective CNTs was enhanced. Most importantly, this new method 
118 
 
decreased the amount of surfactant dramatically to 1/20th of the initial 
concentration normally used in surfactant assisted dispersions by, which 
can be an important benefit for electrospray and composite applications.  
 
In Chapter 5, the work investigated the spray mode development and spray 
pattern of CNT dispersions in electric fields, flight paths of CNT and different 
deposition morphologies by varying electrospray process parameters. The main 
findings in this study can be summarized as follows: 
I. Applied voltage was found to be an important factor in determining the 
mode of electrospray. Various spray modes were observed and 
understood in this study. How deposition shapes are produced in each 
spray mode was analysed by capturing the resulting deposition images on 
the platform. 
 
II. The electric field profile using carbon filaments as collectors shows 
concentrated electric field intensity around the fibre areas. An 
understanding of the possible flight routes of CNTs as well as a pull force 
active at the point of deposition onto the carbon fibre surface provided 
insight of the formation of CNT deposition morphology under different 
electric field conditions.  
 
III. Electrospray process parameters, such as voltage and target distance play 
an important role in determining the CNT morphology as it mediates the 
anchoring strength and electric field force. Flow rate and solvent 
properties can also determine CNT morphology by controlling the droplet 
size and solvent evaporation rate, respectively. Based on the curing 
characteristics of the binder, changing temperature can be used to obtain 
different morphologies. In addition, fibre layout as the collector is a critical 
factor as it affects the electric field distribution on fibre surface.  
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IV. After a list of repeatability tests, either parallel or perpendicular CNT 
morphologies at the surface of carbon fibre can be produced successfully 
by the interactions of optimum parameters. 
 
In Chapter 6, this work examined the properties of CNT-coated carbon fibre with 
different surface morphologies, more importantly, their performance in single 
fibre composites. The significant findings were: 
I. The tensile mechanical properties of CNT-coated carbon fibres fabricated 
by electrospray method are not damaged. Furthermore, Weibull modulus 
investigation shows CNT deposition, especially the electrospray process, 
does not lead to more weak points as compared to the untreated fibres.  
 
II. After CNT deposition, the interfacial shear strengths of the carbon 
fibre/epoxy composites are improved as shown by single-fibre composite 
fragmentation tests, especially for the fibre prepared by 10 kV/ 5 cm at 
100oC and by 20 kV/ 10 cm at room temperature and 100oC. Moreover, 
CNT deposition can offer higher shear stresses at the fibre ends, hence the 
obvious large break gaps and interface debonding areas of the composites 
prepared from “as-received” fibre are reduced remarkably.  
 
III. CNT deposition not only resulted in good wettability by the resin, but also 
significantly improved roughness, friction and BET surface area, especially 
for the sample prepared by 20 kV/ 10 cm at 100oC.  
 
IV. Surface energy analysis revealed that the improved interaction between 
the CNTs and matrix is mainly due to the increased dispersive surface 
energy properties of the CNTs and the increased acid-base surface energy 
from the polymer binder.  
 
V. Long fibre pullouts and relatively big cracks between the fibre and matrix 
were found when composites are broken. CNT coatings can decrease these 
distinctly through providing higher stress transfer and interfacial shear 
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strength. It is also worth noting that the weak point occurred  at the 
interface between CNTs and CF, hence  greater improvement would be 
obtained by using better binders to connect CNTs and CF. 
 
7.2 Future research 
As a result of the work in this thesis, there are many avenues in which this work 
can be expanded for further research. Below is a short list of possible suggestions 
to better understand and improve the nano material-based hierarchical carbon 
fibre composites. 
I. The understanding of CNT dispersion mechanism could also be useful for 
dispersing other materials, such as graphene, with the lowest amount of 
surfactant and acceptable stability. 
 
II. A number of novel materials are currently available to improve fibre and 
composite properties, including modified sizing materials and graphene. 
The capability of electrospray to deposit these materials in order to 
produce hybrid structure or multi-functional materials could be explored. 
 
III. To develop more flexible spray modes, parameters such as spray order, 
collector orientation, type of needle can be modified so that a wider 
variety of surface morphologies can be produced and studied for different 
applications. 
 
IV. To improve the interaction between CNTs and carbon fibre. This could be 
accomplished by a number of methods including the introduction of 
chemical groups on CNTs and fibre surface, adding more effective binders 
and spraying with sizing materials. 
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V. To investigate the performance of CNT-coated carbon fibres in real 
composites, such as mechanical property of composite laminates. 
Therefore, the morphology of CNT deposition on a carbon fibre bundle 
surface or carbon fabric should be studied as well. 
 
VI. To study the potential applications of CNT and other carbon nano-
materials in thermoplastic–based carbon fibre composite by testing 
thermal properties, dynamic mechanical properties, static mechanical 
properties, electrical conductivity, et al. 
 
VII. To scale up the electrospray setup for potential application to CF 
manufacture, as shown in Figure 7.1.  
 
Figure 7.1. Schematic for the continuous electrospray process for manufacturing 
multiscale CNT-CF reinforcement. 
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APPENDIX A 
RISK ASSESSMENT OF THE CNT SAFE 
WORK PROCEDURE 
The potential risks from exposure to carbon nanotubes have been highlighted in 
numerous studies, including a recent review of the toxicology and health hazards 
associated with nano-materials commissioned by Safe Work Australia [205-207]. 
Carbon nanotubes and other Nano forms of carbon are to be considered 
hazardous as defined by the Hazardous Substance Regulations. Therefore, 
airborne exposure to carbon nanotubes which might occur in this project should 
be assessed before carrying out any work in this area.  
Based on investigations from the literature [206, 208-215], the toxic effects of 
different CNTs follow the sequential order: 
SWNTs > long MWNTs>short MWNTs> aggregated CNTs> CNTs with polymer. 
In the current work, the best case scenario would be the use of short MWNTs in 
the amount of a few milligrams coupled with a binding agent. The worst case was 
when CNTs are sprayed without polymer binders (solvent system only).  No further 
work of this latter type will be carried out. According to the guidance on the safe 
handling and use of carbon nanotubes developed by the Commonwealth Scientific 
and Industrial Research Organisation (CSIRO) [205], the whole project was divided 
into a number of parts, particularly focusing on the potential risks of the most 
critical work; electrospray and SFFT.  These areas were assessed step by step in 
order to ensure that exposure to personnel was as low as reasonably practical. 
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Electrospray CNTs onto Carbon Fibres 
Test name- electrospray CNTs onto carbon fibres 
Aim- to deposit CNTs onto carbon fibre surface 
Specimen manufacture  
The actual electrospraying of CNTs onto the carbon fibres is preceded by the 
preparation of the CNT suspension.  
(1) Decanting and sucking CNT suspension into electrospray instrument; 
(2) Electrospray CNT onto carbon fibres; 
(3) Removal and storage of resultant samples; 
(4) Cleaning and disposal 
 
Potential risks 
Airborne exposure to carbon nanotubes might occur during decanting and sucking 
CNT suspensions into the electrospray instrument. The most critical step however 
is the electrospray process itself.  
As a result of the electrospray process, the instruments, surrounding work area 
and air would be contaminated when strict controls are not in place. This 
contamination would also have an effect on other people using the lab. The 
electrospray process can be carried out safely if the controls and procedures 
presented below are implemented. 
Risk is equal to level of exposure multiplied by the severity of the hazard. As the 
latter is not known we will look to minimize the level of exposure. The level of 
exposure can be related to the amount of CNTs being used and the likelihood of 
exposure. The mass of CNTs used in any given experiment would be quite low- on 
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the order of a few milligrams. As the density of CNTs is very low this still amounts 
to a large number of CNTs. The management of risk is therefore focused on 
minimizing the potential of exposure. This is presented below along with 
appropriate control steps. 
 
Risk assessment and recommended controls for each step 
Step 1- Decanting and sucking CNT suspensions into the electrospray 
instrument (preparing for an electrospray experiment) 
Who can be exposed during the task?  The individual undertaking the task is 
most at risk. The risk to others in the lab is minimal. 
What are the potential routes of human exposure? -Inhalation, ingestion and 
dermal penetration. 
What is the chance of the exposure occurring? –The chance of exposure would 
be moderate.  
When is exposure likely to occur? –Exposure could occur when CNTs are being 
decanted as the suspension could be spilled. It also could occur when the 
suspension is sucked into the electrospray instrument as there is a chance that 
the CNTs could be aspirated. These processes are carried out once for each series 
of electrospray experiments.  
Assessed exposure - Moderate; 
Recommended safety controls - Negative pressure work area, fume cupboard, 
half face respirator, nitrile gloves, lab coat, close fitting safety glasses, long 
trousers. 
Residual risk - Very low 
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Step 2- Electrospraying of CNT onto carbon fibres 
Who can be exposed during the task? - The individual undertaking the task is 
most at risk. There might be a moderate risk to others, such as adjacent workers, 
visitors and others in the lab. 
What are the potential routes of human exposure? - Inhalation, ingestion and 
dermal penetration. 
What is the chance of the exposure occurring? - The chance of exposure would 
be high.  
When is exposure likely to occur? - Exposure could occur continuously during the 
spray process and will last for one or two hours. 
Assessed exposure - High;  
Recommended safety controls - Negative pressure work area, fully isolated work 
area, half face respirator, nitrile gloves, disposable lab coat, close fitting safety 
glasses, long trousers, hair and shoe coverings. 
Residual risk - Moderately low 
 
Step 3- Removal and storage of resultant samples; 
Who can be exposed during the task? - The individual undertaking the task is 
most at risk. The risk to others in the lab is minimal. 
What are the potential routes of human exposure? - Inhalation, ingestion and 
dermal penetration. 
What is the chance of the exposure occurring? - The chance of exposure would 
be moderate.  
When is exposure likely to occur? - Exposure could occur when the samples 
containing CNTs are being removed and put into storage containers. This will be 
carried out once after each series of electrospray experiments; 
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Assessed exposure - Moderately low; 
Recommended safety controls - Negative pressure work area, glove box, half 
face respirator, nitrile gloves, lab coat, close fitting safety glasses, long trousers 
and sealed bag or containers for sample storage. 
Residual risk - Low 
 
Step 4- Cleaning and disposal 
Who can be exposed during the task? - The individual undertaking the task is 
most at risk. The risk to others in the lab is low. 
What are the potential routes of human exposure? - Inhalation, ingestion and 
dermal penetration. 
What is the chance of the exposure occurring? - The chance of exposure would 
be moderate. 
When is exposure likely to occur? – Exposure could occur when cleaning work is 
being done. It will be carried out after each electrospray experiment as well as 
when spillages and accidental releases happen. 
Assessed exposure- Moderately high 
Recommended safety controls - 
(a) All clean-ups should be carried out in such a way as to ensure that exposure to 
personnel is as low as reasonably practical. Personnel should receive adequate 
information, instruction and training on assessing the extent of any spill or 
accidental release, the clean-up measures to be taken, and the PPE which should 
be worn, as well as guidance on the safe disposal of any waste collected during 
the clean-up.  
Wet methods are preferred for the clean-up of CNT spills. Methods for wet 
cleaning up are: 
127 
 
1) Mist smaller areas with water containing mild detergent. Wipe with light 
coloured disposable wipes until clear then double bag wipes for disposal. 
(See Disposal of Carbon Nanotubes below) 
2) Larger areas, such as floors, should be cleaned using a wet vacuum with a 
HEPA filtration or by using a wet mopping technique with a disposable 
mop head. 
Note: Do not use compressed air for cleaning and dry sweeping should be 
avoided. 
 
(b) Storage of nanomaterial waste prior to disposal: Storage in waste containers 
and scheduled as Class 6.1 - Toxic Substances.  
(c) Disposal of nanomaterial waste: Using CNT MSDS and/or BSI (2007) 
Nanotechnologies – Part 2: A guide to safe handling and disposal of 
manufactured nanoparticles, as references.  
Residual risk - Low 
 
Conclusions 
Steps 1, 3 and 4 are manageable with low risk. There should be little risk if 
recommended procedures are followed. The high exposure level and risk is the 
spraying itself. This has been lowered just by the fact that all CNTs sprayed will 
have a polymer binder. If this experiment is carried out under strict controls, 
residual risk and contamination as a result of this work to individual and 
surroundings will be reduced to low. The recommended safety controls are be:  
(1) Half face respirator, nitrile gloves, lab coat, close fitting safety glasses and long 
trousers needs to be dressed during the whole process;  
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(2) The weighing or handling of CNTs must be done in glove box, and in a negative 
pressure work area if available; other actions including decanting CNT suspension 
should be done in glove box or fume hood;  
(3)  During the electrospray process, fully isolated work area with remote control 
operations is necessary. After spraying, the sealed box together with resultant 
samples should be moved into glove box for removing samples and cleaning. 
(4) The cleaning of the work area and disposal of all CNT related materials, such as 
vials, lab coat, gloves, electrospray setup and fume cupboard need to be carried 
out following the reference standard given above.  
Any material that has come into contact with CNTs should be considered as 
belonging to a nanomaterial-bearing waste stream. This waste will be disposed of 
following Deakin approved procedures. After carrying out work or in case of an 
accident, the work area and equipment will be wiped down with paper wipes wet 
with isopropyl alcohol. These wipes will be disposed of as contaminated waste.    
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Single Fibre Fragmentation Test 
Test name- single fibre fragmentation test 
Aim- to break carbon nanotube coated carbon fibre encapsulated in a chosen 
polymer matrix. 
Specimen manufacture and test 
(1) Cutting CNT coated carbon fibre to a specific length; 
(2) Carefully placing the single fibre into the dogbone-shaped mould; 
(3) Filling the mould up with resin and curing;   
(4) Removing the specimen from the mould and polishing it to be transparent; 
(5) Elongating the specimens in a tensile tester which results in fibre breakage; 
(6) Disposal.  
 
Potential risks 
Airborne exposure to carbon nanotubes might occur during cutting and handling 
the CNT treated fibres as well as when placing the fibres in the mould and filling 
it up with the polymer matrix (epoxy). Although carbon nanotubes will be 
trapped in the polymer matrix and thus will not be exposed during fragmentation 
test, the disposal of the tested samples containing carbon nanotubes need to be 
controlled. 
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Risk assessment and apply controls by steps 
Step 1- Cutting CNT coated carbon fibre to size 
Who can be exposed during the task? - The individual undertaking the task. Risk 
to others in the lab is minimal. 
What are the potential routes of human exposure? - Inhalation, ingestion and 
dermal penetration. 
What is the chance of the exposure occurring? - Routine work, accidental 
releases, cleaning. 
How often is exposure liable to occur? - Continuous over a working shift. 
Assessed exposure- Moderately Low  
Recommended safety controls - Negative pressure work area, fume cupboard, 
half face respirator, nitrile gloves, lab coat, close fitting safety glasses, long 
trousers. 
Residual risk - Moderately Low 
 
Step 2- Placing a single fibre into dogbone-shaped mould 
Who can be exposed during the task? - The individual undertaking the task. Risk 
to others in the lab is minimal. 
What are the potential routes of human exposure? - Inhalation, ingestion and 
dermal penetration. 
What is the chance of the exposure occurring? - Routine work, accidental 
releases, maintenance and transport. 
How often is exposure liable to occur? - Continuous over a working shift. 
Assessed exposure- Moderately Low  
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Recommended safety controls - Negative pressure work area, fume cupboard, 
half face respirator, nitrile gloves, lab coat, close fitting safety glasses, long 
trousers. 
Residual risk - Moderately Low 
 
Step 3- Filling mould up with resin and curing 
Who can be exposed during the task? - The individual undertaking the task. Risk 
to others in the lab is minimal. 
What are the potential routes of human exposure? - Inhalation, ingestion and 
dermal penetration. 
What is the chance of the exposure occurring? - Routine work, accidental 
releases, maintenance. 
How often is exposure liable to occur? -  Intermittent. 
Assessed exposure - Moderately Low 
Recommended safety controls - Negative pressure work area, half face 
respirator, nitrile gloves, lab coat, close fitting safety glasses, long trousers. 
Residual risk - Low 
 
Step 4- Removing specimen from the form and polishing it to be transparent 
Who can be exposed during the task? -The individual undertaking the task. Risk 
to others in the lab is minimal. 
What are the potential routes of human exposure? - Inhalation, ingestion and 
dermal penetration. 
What is the chance of the exposure occurring? - Routine work, accidental 
releases, maintenance, cleaning and transport. 
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How often is exposure liable to occur? - Intermittent. 
Assessed exposure - Moderately Low 
Recommended safety controls - Negative pressure work area, half face 
respirator, nitrile gloves, lab coat, close fitting safety glasses, long trousers. 
Residual risk - Low 
 
Step 5- Elongating the specimens in a tensile tester results in fibre breakage 
Who can be exposed during the task? - The individual undertaking the task. Risk 
to others in the lab is minimal. 
What are the potential routes of human exposure? - Inhalation, ingestion and 
dermal penetration. 
What is the chance of the exposure occurring? - Routine work, accidental 
releases-polymer broken. 
How often is exposure liable to occur? - Rarely. 
Assessed exposure - Low 
Recommended safety controls - Negative pressure work area, half face 
respirator, nitrile gloves, lab coat, close fitting safety glasses, long trousers. 
Residual risk- Low 
 
Step 6- Disposal  
Assessed exposure- Low 
Recommended safety controls:  
(a) Storage of nanomaterial waste prior to disposal: Storage in waste containers 
and scheduled as Class 6.1 - Toxic Substances.  
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(b) Disposal of nanomaterial waste: using (1) CNT MSDS (2) BSI (2007) 
Nanotechnologies – Part 2: A guide to safe handling and disposal of 
manufactured nanoparticles, as reference.  
 
Conclusions 
For CNT modified single fibre fragmentation testing, the risk of exposure to CNTs 
has been assessed on a step by step basis considering aspects including test 
participant, exposure routes and exposure probability and rate. The assessed 
exposure level and residual risk of CNT exposure during the entire test are low. 
As long as the work is undertaken with strict controls, contamination as a result 
of this test to individual and surroundings will not occur.  The recommended 
safety controls should be:  
(1) Half face respirator, nitrile gloves, lab coat, close fitting safety glasses and 
long trousers needs to be dressed during the whole process;  
(2) The preparation of specimen must be done in a fume cupboard, and in a 
negative pressure work area if available;  
(3)  During the tensile test, the breaking of the polymer matrix should be avoided 
so as to prevent CNT exposure. If matrix failure happened, timely cleaning 
measures should be undertaken as presented in point 4 below. 
(4) The cleaning of the work area and disposal of all CNT related stuff, such as 
CNT-modified fibre, SFFT specimens, silicone moulds, knife for cutting, fume 
cupboard and tensile tester, need to be carried out following the reference 
standard.  
Any material that has come into contact with CNTs should be considered as 
belonging to a nanomaterial-bearing waste stream. This waste will be disposed 
of following Deakin approved procedures. After carrying out work or in case of 
an accident, the work area and equipment will be wiped down with paper wipes 
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wet with isopropyl alcohol. These wipes will be disposed of as contaminated 
waste.    
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